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ABSTRACT 
This thesis describes the spark plasma sintering of silicon carbide and silicon carbide 
with multi-walled carbon nanotubes.  The work was completed to investigate the processing, 
microstructure, and properties of such materials.  Various ceramic engineering techniques aided 
this investigation including powder processing, sintering, microscopy, spectroscopy, and 
mechanical testing.  These steps were completed in order acquire knowledge about the influences 
of various parameters on the microstructure and properties of the materials.  The resulting insight 
provided conclusions for how to synthesize a material that may allow carbon nanotubes to 
positively reinforce a silicon carbide matrix, particularly improving the fracture toughness.  In 
this work, the spark plasma sintering of both silicon carbide and silicon carbide with multi-
walled carbon nanotubes did not lead to fully density.  The evidence of pores negatively 
influenced the material properties.  The addition of the multi-walled carbon nanotubes required 
additional processing in attempt to disperse the reinforcement, but ultimately caused low density 
and did not improve density, strength, or fracture toughness.  Alternative methods for dispersing 
multi-walled carbon nanotubes in a silicon carbide matrix must be developed.   
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CHAPTER 1 
 
INTRODUCTION 
1.1 Introduction 
Silicon carbide (SiC) is a ceramic material with high strength and high hardness [1].  
However, it displays brittle behavior and has low resistance to fracture [1].  Several methods to 
increase the fracture toughness of bulk SiC include modifying the SiC grain size and shape [2] 
and by incorporating additional phases [3].  A common reinforcing second phase are carbon 
nanotubes (CNTs) [4].  Published work has identified that to successfully improve the fracture 
toughness of SiC by reinforcement with CNTs, they should be homogeneously dispersed [5], 
retain structural integrity during processing [6] and sintering, and interact favorably with the SiC 
[7].  These are a few of the challenges encountered when fabricating SiC-CNT composites.   
This thesis describes the processing steps, microstructure characterization, and property 
determination of a SiC-CNT composite.  The objective of the research was to synthesize a SiC 
composite containing dispersed CNTs that resulted in a composite with microstructure and 
mechanical properties that were more desirable than either of the constituents on their own.  
Commercial SiC and multi-wall carbon nanotubes (MWCNTs) were used as the component 
materials.  The sintering method was spark plasma sintering (SPS).  Microstructure was 
characterized by several techniques.  The mechanical properties tested were fracture toughness 
and flexural strength.   
This thesis provides the reader with the purpose of the research, the experimental 
methods, the results, a discussion, and our conclusions.    
1.2 Ceramic Material Limitations 
Ceramic materials tend to be strong when loaded by compressive forces, but not as strong 
when loaded by tensile forces.  This disparity is a result of the microstructure since the ceramic is 
comprised of small grains that efficiently carry and transfer compressive loads, while under 
tensile loads the grains separate.  When experiencing a tensile load, ceramic materials are known 
for their inability to resist cracking and crack growth.  The ability to resist crack growth is 
generally referred to as fracture toughness, denoted K1C.  This material property is usually 
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measured by means of a mechanical test in which the specimen is pre-cracked and tested to 
failure.  A more intuitive method is to measure the area under a stress-strain curve, thus giving 
an approximation for the energy absorbed during failure.   
1.3 Description of Silicon Carbide and Carbon Nanotube Composites 
A material that is to be designed to have both good compressive qualities and tensile 
qualities might be made out of a combination of materials each excelling in one of these 
properties.  When combined, the resulting material might have the combined properties of both 
starting materials.  To find the appropriate material to combine with SiC, we look no further than 
carbon nanotubes.  These graphitic tubes are known to display immense tensile strength and 
some have shown to be quite tough.  If these tubes can be incorporated into the SiC matrix 
without diminishing the compressive properties while also improving the tensile behavior, then a 
composite material would emerge that is more desirable than each constituent on its own.   
Silicon Carbide 
Silicon carbide (SiC) is a refractory ceramic with over 200 polytypes.  These polytypes 
differ in the stacking sequence.  A few of the most common forms of stacking include 3C which 
is called zinc blende and has cubic structure, 2H which is called wurtzite and has hexagonal 
structure, and 4H and 6H, which have different combinations of hexagonal or rhombohedral 
stacking [8].  Each polytype posesses different electrical, mechanical, and optical properties.   
Multi-Walled Carbon Nanotubes 
Multi-walled carbon nanotubes (MWCNTs) were first discovered by electron microcopy 
of graphite particles and other fullerene materials.  Of particular note is the tube-like shape and 
pitch of the helical structure, which is comprised entirely of carbon atoms [9].  Since their 
discovery, MWCNTs have been studied and proposed for many uses including electrical 
elements, antennae, optical elements, and reinforcement for numerous matrices.  These uses are a 
direct result of the favorable properties of MWCNTs, including electrical conductivity, high 
aspect ratio, and strength.   
1.4 Spark Plasma Sintering 
Spark plasma sintering (SPS) is a relatively new method for sintering ceramic powders 
and has yielded significant research in recent years.  This method uses die tooling similar to that 
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for hot pressing, to produce dense ceramic bodies.  However, unlike hot-pressing, the SPS 
method contains a pulsed electric current to heat the die and sample via joule heating.  The 
typical sample powder is submicron in size and results show a limit to the grain growth 
encountered during sintering.  A substantial benefit of this method over more traditional 
techniques is the shorter processing time and lower temperature required for full densification.   
1.5 Sample Overview 
In order to investigate the use of multi-wall carbon nanotubes (MWCNTs) as fibrous 
reinforcement for silicon carbide (SiC), various sample discs were fabricated via spark plasma 
sintering (SPS).  Seven sample discs were made at the Army Research Lab (ARL) in Aberdeen, 
Maryland, and 22 sample discs were made at the Quad Cities Manufacturing Lab (QCML) in 
Rick Island, Illinois.  These sample discs were made using mixtures of silicon carbide powder 
and small amounts of multi-wall carbon nanotubes.  To assess the integrity of the MWCNTs post 
SPS processing, and their effect on the composite structure, density analysis, x-ray diffraction 
(XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), flexural 
testing, and microindentation tests were performed. 
1.6 Aim of the Research 
The aim of this work was to learn how to make a composite material from two 
components: silicon carbide and carbon nanotubes.  Learning about ceramic processing and 
developing a procedure for the synthesis of this composite was the first step towards completing 
this goal.  Next, learning and refining the many characterization techniques and testing 
measurements were required in order to collect meaningful data.  The process of reviewing and 
analyzing the results in order to draw appropriate and insightful conclusions was the final step.   
1.7 References 
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CHAPTER 2 
 
BACKGROUND 
2.1 Introduction 
Many researchers have attempted to toughen ceramic materials.  This chapter describes 
previous work that has been published by others that explain their results at toughening ceramics.  
This chapter also introduces several of the ceramic engineering techniques commonly used in 
this type of work.  In doing so, the experimental methods and techniques utilized in this thesis 
are explained.   
2.2 Reinforcement of Ceramic Matrices 
Ceramic matrices have been reinforced in several different ways, and by many different 
materials.  One technique has been by reinforcement with a stronger phase.  Each matrix was 
affected and its properties influenced by the choice of reinforcement method and material.  A 
vast array of matrix and reinforcement combinations had been reported in the literature.  The 
most prevalent reinforcement in recent years has been that of carbon nanotubes.  Both single-
wall and multi-wall varieties of carbon nanotubes have been reported, and their use in several 
matrices have shown a wide range of results.  Other choices include carbon fiber, graphene, and 
small particles.  Each combination of matrix and reinforcement offered a distinctive outcome on 
the material properties.   
Carbon Fiber Reinforcement 
A common reinforcement material for polymeric materials has been carbon fiber.  Yet, 
when these fibers were added to ceramic matrices, they resulted in changes not only to 
mechanical properties, but also electrical.  Dusza [1] reported that zirconia/carbon fiber 
nanocomposites formed by hot pressing had higher electrical conductivity than did those 
prepared by spark plasma sintering.   
Carbon Nanotube Reinforcement 
Another common reinforcement material has been carbon nanotubes.  Otieno [2] 
described a novel sol–gel based approach for producing aluminoborosilicate glass composites 
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containing continuous, aligned carbon nanotubes.  Property changes as a result of the CNTs can 
be compared to matrices without CNTs, or matrices with CNTs but processed in a different way.  
Arato [3] compared CNT-silicon nitride composites fabricated by SPS and HIP.  When 
composites have been prepared by different methods, it is important to consider the effects of the 
processing on the CNTs.  Arato [4] reported that carbon nanotubes have been preserved, have 
been found to have good adherence to the silicon nitride grains, and may serve as crystallization 
sites and seeds for silicon nitride grain growth.  Arato [5] gave proof of a manufacturing process 
that has been found to avoid the damage of carbon nanotubes during sintering with silicon 
nitride.   
Good dispersion of the CNTs will aid in the reinforcement of the matrix.  Chu [6] 
described a procedure to make composites with a uniform dispersion of undamaged CNTs in a 
matrix of alumino-borosilicate glass.  Cho [7] has demonstrated the fracture toughness 
improvement of a silica glass CNT composite prepared by SPS, as measured by indentation and 
notched beam tests.   
The mechanical properties of the composite may be influenced by the success of the CNT 
dispersion in the matrix.  Mukhopadhyay [8] reported the effects of a good dispersion of as much 
as 10 wt% multi-walled carbon nanotubes (MWCNTs) on the mechanical properties of dense 
alumino-borosilicate (ABS) glass ceramics.  The fracture toughness and flexural strength of the 
nanocomposites increased with increasing MWCNT content up to 10 wt%. The ABS–10 wt% 
MWCNT nanocomposite possessed nearly double the strength of the unreinforced ABS, 
accompanied by 150% improvement in fracture toughness.  Ye [9] reported that barium 
aluminosilicate (BAS) glass–ceramic served as an effective liquid phase sintering aid to promote 
the densification of the composites. It was also mentioned that the incorporation of MWNTs 
could significantly improve the mechanical properties of the BAS matrix formed by hot pressing.  
Inam [10] reported a 25% improvement in Vickers hardness and greater than ten times finer 
average grain size were observed for alumina produced by the heat treatment (1300°C) of 
alumina + 1 vol% CNT composite, compared to alumina sintered without CNTs.  Wang [11] 
prepared dense Al2O3/SWNT composites using the spark-plasma sintering (SPS) method. 
Vickers (sharp) and Hertzian (blunt) indentation tests revealed that these composites were highly 
contact-damage resistant, as shown by the lack of crack formation. However, direct toughness 
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measurements, obtained from the single-edge V-notch beam method, and showed that these 
composites were as brittle as dense Al2O3. 
Xia [12] described the three toughening mechanisms of CNT-ceramic materials.  Chen 
[13] reported of fracture toughness enhancement of carbon nanotubes reinforced hard matrix 
composites.  However, it is reported that stronger CNT/matrix interfaces cannot definitely lead to 
better fracture toughness of these composites, and the optimal interfacial chemical bond density 
is realized by making the failure mode transition from CNT pull-out to CNT break [13].  An 
obstacle that must be overcome to achieve good results for CNTs reinforcing a matrix is good 
dispersion.  There are reports of distributed and agglomerate free CNT-alumina nanocomposites 
using various dispersing agents [14].  These same CNT-alumina nanocomposites displayed four 
times higher electrical conductivity than other carbon black-alumina nanocomposites [15].  
There is legitimate concern that the CNTs may not survive the processing conditions required for 
sintering of the ceramic, but there have been results that indicated the structural preservation of 
CNTs in ceramic nanocomposites depended on the matrix, sintering temperature, and dwell time, 
at least for SPS [16].  Cho [7] reviewed the current status of the research and development of a 
CNT loaded ceramic matrix composite (CMC) materials. 
Carbon Nanotube Reinforced SiC 
Reinforcement of SiC typically is employed to increase the fracture toughness of SiC.  
SiC has a fracture toughness of 3.1 MPa∙m1/2.   Lu [17] reported that MWCNT/SiC composites 
were fabricated by aqueous tape casting.  The relative density of the composite was about 98% 
after hot-pressing at 1850°C (at 25 MPa in Ar for 30 min). The hardness of the composites 
decreased with the increase in MWCNTs content. The flexural strength and the fracture 
toughness were 742.17 MPa and 4.63 MPa·m
1/2
, respectively when the MWCNT content was 
0.25 wt%.  Further increase in MWCNT content to 0.50 wt% did not lead to the increase in 
mechanical properties. Most of MWCNTs were found to be located at SiC grain boundaries and 
pull out of the MWCNTs was observed. 
Graphene Reinforcement 
A newer matrix reinforcement material has been identified in grapheme.  Increases in 
mechanical properties were published by Corral [18], who has shown that the use of graphene in 
silicon nitride matrices has increased the fracture toughness by 235%.   
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Other Reinforcement Methods 
Yet, even more reinforcement possibilities exist, and many of the reinforcement materials 
are ceramics themselves.  Ozer [19] has described the improvement of density, strength, and 
toughness for a metal matrix composite reinforced with nanosized yttria stabilized zirconia 
particles made by the steric entrapment method.   
Changes in the microstructure usually give rise to changes in material properties, 
specifically the toughness.  Padture [20] described a method for in-situ toughening of SiC using 
elongated α-SiC and YAG.  The anisotropic grain growth of α-SiC has been known to produce a 
higher fracture toughness, and it has been explained how this growth leads to platelet 
microstructure which is responsible for the enhanced fracture toughness [21].  
Changes in the microstructural composition can also lead to improved mechanical 
properties.   Many authors have reported that the incorporation of various additives to SiC 
resulted in increases in fracture toughness.  The addition of dysprosia to SiC was shown to result 
in a 40% increase in fracture toughness [22].  Various combinations of rare earth oxides were 
shown to increase the fracture toughness of SiC formed by hot pressing.  One group reported the 
effect on fracture toughness by the presence of yttria in the grain boundaries [23].  In addition to 
each of these common methods, there was a two-step methods that frustrates abnormal grain 
growth, yet did not inhibit either the β–α transformation or the normal grain growth processes.  
This two-step method led to a sintered body with density in excess of 95% of the theoretical, 
with an equiaxed α-SiC grain structure and improved fracture toughness [24].  Zhou [25] shows 
that SiC was toughened by various combinations of rare earth oxides by hot pressing. 
2.3 Material Characterization 
There was a wide variety of starting powders reported in the literature, but not all these 
materials were thoroughly characterized, making it difficult to match experimental conditions. 
Our careful characterization of the starting material for this research was influenced by the desire 
to fully characterize our experimental conditions for accurate comparison in future works.  
Without accurately knowing our starting phase, particle size, agglomeration, and density, it will 
be difficult to make accurate comparisons of microstructures and properties.  One of our starting 
materials was silica functionalized MWCNTs.  The procedure we followed for the silica 
functionalization has been reported by Li [26].   
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2.4 Powder Processing 
When mixing SiC powders and CNTs, care must be taken to choose the appropriate 
milling routine.  The appropriate milling procedure will result in adequate dispersion of the 
CNTs and limit the degree of damage suffered by the CNTs.  A damaged reinforcement phase 
will not offer its full potential for strengthening or toughening the composite.  Below is a review 
of published methods and results for processing powders.   
Seraphin [27] reported the effects of different ball milling media on the integrity of 
CNTs.  Chu [6] reported a powderless sol–gel method to produce a low-melting point 
aluminoborosilicate glass matrix, in combination with a dispersion method for the CNTs that is 
compatible with the sol.  After gelation and calcination, the powder was hot pressed to make 
dense, well dispersed CNT–borosilicate glass composites with CNT contents from 0.5 to 5 wt%.  
Raman spectroscopy revealed that the CNTs had suffered little damage during processing.  Jung 
[28] developed a method for dispersing CNTs using a supercritical fluid pretreatment, which 
resulted in less damage to the CNTs.  Hirata [29] reported that a mixture of SiC powder sizes 
resulted in high fracture toughness and flexural strength.  Huang [30] reported that most carbon 
nanotubes burn out or diffuse into alumina grains when powders directly contact the graphite 
plungers of the spark plasma sintering die.   
Ceramic Sintering 
The simplest method for densifying a ceramic is by heat, and this is known as solid state 
sintering.  If only high temperatures are involved, a more descriptive name is pressureless 
sintering.  This technique works well for many ceramics, but it is known that because of its high 
energy, covalent bonds, SiC is difficult to sinter to high density without also using external 
pressure [31].  Different powder processing routes have a significant influence on the green 
density and therefore on the shrinkage during sintering [32].  Steps can be taken to increase the 
chances of success while sintering such as by adding carbon to remove the surface SiO2 layer 
[33].  However, there are indications that ultrafine SiC powders (of average particle size 0.01 to 
0.06 µm) cannot be pressureless sintered below 2050°C without the use of additives [34].  Others 
reported the densification behavior of pressurelessly sintered SiC to be dependent on the type 
and amount of the sintering aid, as well as the SiC crystal structure [35].  Biswas [36] gave an in-
depth view of solid state sintering of SiC by several methods (hot pressing, pressureless, reaction 
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bonded, SPS).  Vaben [32] described efforts to densify ultrafine SiC powders (20 nm) using 
pressureless sintering and HIPing.   
Sintering Additives 
Sometimes additives are mixed with the matrix in order to improve the likelihood of 
sintering to occur.  There are many types of sintering aids, and each has its own merit.  The use 
of CNTs in alumina has been demonstrated to act as a sintering aid to reduce the sintering 
temperature and limit grain growth [38].  Lee [39] described a ternary compound (Al4SiC4) for 
hot pressing SiC to achieve high density at low temperatures.  Lee [39] also reported that 
aluminum borocarbide powders (Al3BC3 and Al8B4C7) were synthesized, and the ternary 
powders were used as a sintering additive of SiC. The densification of SiC was nearly completed 
at 1670°C using spark plasma sintering (SPS) and pressureless sintering was possible at 1950°C. 
In order to choose an appropriate sintering additive system, study of the phase diagram 
and thermodynamic properties of the compound is usually helpful.  Fabrichnaya [40] reported 
the thermodynamic parameters for solid and liquid phases in the Al2O3-Y2O3 system were 
assessed using new calorimetric measurement for the YAG (Y3Al5O12), YAP (YAlO3) and YAM 
(Y4Al2O9) phases. The calculated phase diagram of the Al2O3-Y2O3 system was in reasonable 
agreement with experimental data.  Kolitsch [41] gave the phase relationships for a ternary rare 
earth element system.  Negita [42] compared the effectiveness of various metal and metal oxide 
sintering additives for sintering SiC using a free energy consideration of the reactions.  Mitomo 
[43] described how ultrafine silicon carbide powder with an average particle size of 90 nm was 
densified by hot-processing with the addition of Al2O3, Y2O3, and CaO at 1750°C.  Hotta [44] 
prepared SiC ceramics from nanosized β-SiC powder with different compositions of AlN and 
Y2O3 sintering additives by spark plasma sintering (SPS) at 1900°C for 600 seconds in N2. The 
relative density of the sintered SiC specimens increased with increasing amount of AlN, reaching 
a relative density higher than 99%, while at the same time grain size decreased significantly.  
Samanta [45] describes the decomposition reactions within the SiC–Al–Y–O system could be 
controlled by using finer SiC and applying gas pressure over the reactants.  The ternary phase 
diagram for the Al2O3-Y2O3-SiO2 system indicated the compounds that are likely to be made 
when using these additives [46].  Rixecker [21] explained how oxynitride additives led to smaller 
mass loss during sintering under argon.  Lee [47] explained how SiC powder compacts were 
prepared with Al2O3, Y2O3, and CaO powders.  By two-step sintering, fully dense nanostructured 
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SiC ceramics with grain sizes of ∼40 nm were obtained. The grain size–density trajectories were 
compared with those of conventional sintering processes. Datta [48] explained sintering of nano 
SiC by doping with boron and carbon at 2050°C for 15 minutes. 
Hirata [49] reported the influence of sintering additives (RE2O3, Al2O3-RE2O3, RE = Yb, 
Y and Gd, 1-3 vol%) and mixing effect of 30 nm SiC powder with 800 nm SiC powder on 
phases of grain boundaries, grain size of SiC, fracture toughness and strength of SiC hot-pressed 
at 1950°C under 39 MPa of applied pressure. 
Liquid Phase Sintering 
In addition to the solid state sintering of SiC, another popular method is liquid phase 
sintering.  This method makes use of a sintering additive as mentioned earlier, where the additive 
forms a low melting temperature phase which acts as a lubricant for the grains during sintering.  
Numerous examples of this method are given throughout literature.  Biswas [50] gave an in-
depth overview of liquid phase sintering of SiC (including SPS).  Sciti [51] described how 
sintering behavior and microstructure depended on type and amount of liquid phase when hot 
pressed.  The densification for liquid phase sintered SiC by hot press and gas pressure sintering 
has been described [52].  The best activating oxide additions have been identified and Gubernat 
[53] has found that oxide additives facilitate densification and significantly improve mechanical 
properties of SiC ceramics.  Neher [54] examined the liquid phase formation of SiC-Al2O3-Y2O3 
by differential thermal analysis (DTA) and thermogravimetric analysis (TGA).  Once densified, 
the microstructures were studied by SEM, EDX and XRD.  SiC that was liquid phase sintered by 
SiO2 as the only sintering additive was studied as a model system by Ye [55].   
Hot Pressing 
A popular method for densifying SiC is that of hot pressing.  This method has been used 
in conjunction with a liquid phase, and when so, the sintering time and temperature were greatly 
reduced.  Various reports on the use of hot pressing SiC include the final density achieved, the 
pressure used, the temperature used, and the duration.  Ma [56] has reached 95% relative density 
using hot press at 2000°C, 25 MPa, for 1 hour.  Ma [56] also reported a relative density for SiC 
of 97.8%, which was hot-pressed at 1900°C and 25 MPa.  Hidaka [57] described the process of 
hot pressing SiC with the addition of polytitanocarbosilane (PTC) to increase the sinterability.   
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Sinter Forging 
Sinter forging is a method similar to hot pressing except for the shape of the die.  In sinter 
forging, the die has no sides, and thus the sample is not constrained when placed between two 
platens of the hot press.  Wetzel [58] explained the method of using sinter forging to form dense 
SiC nanocrystalline ceramics.   
Spark Plasma Sintering 
A method to sinter ceramic materials in a short period that has become very popular in 
recent times is that of spark plasma sintering (SPS).  This method employs short pulses of an 
electric current applied to opposite ends of a powder compact within a conductive die.  A large 
current flow produces joule heating of the sample and results in rapid sintering.  The duration of 
the sintering process is on the order of several minutes.  Tokita [59] introduced the SPS systems, 
principles of processing, features and examples of applications.  The SPS method has been 
researched broadly in literature with a wide range of results.  In general, this method is not well 
understood, but more research will allow the mechanisms involved to be discovered.  To date, a 
literature search provided us with the following conclusions.  Munir [60] gave a review of SPS 
and examined the important features of this method and their individual roles in the observed 
enhancement of the consolidation process and the properties of the resulting materials.  Belmonte 
[61] described how the pulsed voltage peak influenced the temperature at which sintering 
occurred when liquid phase sintering of silicon nitride.  Cologna [62] has shown the effect a DC 
electric field made on the sintering temperature.  Other researchers like Santanach [63], studied 
the effect of the on-off pulse sequence in order to determine if there are any SPS specific 
mechanisms.  Carney [64] has shown that a material can raise in temperature by joule heating 
and lead to densification only when it has sufficient conductivity.   
Focusing specifically at SPS of SiC, the experimental results of several groups are given.  
Tamari [65] conducted experiments with SiC containing 5 mass% alumina and 2 mass% yttria 
under conditions of 30 MPa and 5 minute dwell at 1800°C.  Zhou [66] conducted experiments 
with SiC doped with 2.04 wt% Al4C3 and 0.4 wt% B4C, reaching full density at 47 MPa and 
1600°C, with heating rates of 100-400°C per minute and hold times of 2-5 minutes.  Lomello 
[67] used SPS to densify SiC green bodies prepared by aqueous slip-casting.  The processing 
conditions included various temperatures and pressures of 70 MPa.  Final densities were 95% 
TD.   
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Hayun [68] reported dense silicon carbide bodies (3.18 g/cm3) were obtained by an SPS 
treatment at 2050°C for 10 min using a heating rate of 400°C/min, under an applied pressure of 
69 MPa. 
A literature survey also included the results of SPS experiments using nano sized SiC.  
Hotta [69] reported that sub-micron and nano-sized β-SiC powders were sintered with AlN and 
Y2O3 as sintering additives by spark plasma sintering (SPS). The sintered densities reached 
greater than 95% of theoretical with a different molar ratio of AlN to Y2O3 at a total amount of 
10 vol% and temperature of 1900°C for 10 minutes in N2 atmosphere under a pressure of 30 
MPa.  Hotta [69] described fully dense nanostructured SiC ceramics were fabricated by spark 
plasma sintering of nanosized b-SiC powder with 40 nm in diameter through liquid-phase 
sintering at the total content of 10 vol% of sintering additives composed of 95 mol% AlN and 5 
mol% Y2O3.  The densification was accelerated and the grain size decreased with increasing total 
amount of the AlNY2O3 additive. Both the full densification of nanosized b-SiC powder and the 
inhibition of grain growth were achieved by rapid sintering at 1900°C for the holding time of 
300 seconds at the heating rate of 1.7°C/s.  Results indicated the holding time should be 
shortened in order to minimize the grain growth. 
In addition to SPSing pure SiC with and without  additives, there have been some results 
that include the use of CNT as reinforcement with SiC to form a composite.  It is interesting to 
learn how the sintering process is affected by the presence of the CNTs, and how the stability of 
the CNTs is affected by the electric field and high temperatures.  Shen [70] reported how SPSing 
CNTs produced diamond and proposed a model for it. 
The mechanical properties of materials prepared by SPS are always important, and 
usually different than when prepared by a different method.  Cho [71] has shown the fracture 
toughness improvement of a silica glass CNT composite prepared by SPS, measured by 
indentation and notched beam tests.   
Hot Isostatic Pressing 
An effective, but time consuming technique for densifying SiC is that of hot isostatic 
pressing (HIP).  In this method, the ceramic body must be pre-sintered to 95% TD (either by 
pressureless sintering or hot pressing).  Once at 95% TD, the ceramic body may be encapsulated 
in an impermeable jacket and subjected to isostatic pressure at high temperatures.  The high 
pressure forces out any remaining pores in the body, and results in very high densities.  Some of 
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the literature compares the densification for liquid phase sintered SiC using hot press and gas 
pressure sintering [52].  Jihong [72] shared the influence of encapsulation free post-hipping on 
the density, strength and Weibull modulus of pressureless sintered α-SiC ceramics, as well as the 
result of HIPed SiC with added alumina.  Jihong [72] also explained HIPed SiC with added 
alumina. 
Our Choice of Sintering Method 
We have chosen spark plasma sintering as our method for densifying SiC powder and 
SiC composites in this research.  We also chose a ternary compound as our sintering aid.  The 
sintering additive is a 1:1:2 compound of alumina, yttria, and silica.  Details about the synthesis 
of this additive are given in the experimental methods chapter.   
2.5 Composite Characterization 
The final form of any sintered SiC must be carefully characterized to fully determine its 
microstructure.  Typical methods include SEM, TEM, XRD, EDS, and Raman.  These 
techniques are often reported in literature.  In his work, Vaben [32] measured the grain size by 
SEM, TEM, and XRD, with the XRD giving a lower value.  The use of liquid phase additives 
required the extra step of characterizing the thermal properties of the additive.  Neher [54] 
examined the liquid phase formation of SiC-Al2O3-Y2O3 by DTA and TGA.  Once added with 
SiC, and densified, the microstructures were studied by SEM, EDS and XRD.  We have utilized 
SEM, TEM, XRD, and EDS in our research to identify grains, pores, phases, compositions and 
to observe the microstructure of our composite.   
2.6 Fracture Toughness Determination 
We have chosen to determine fracture toughness by the single-edge notched beam test 
and by hardness and crack length measurements from microindentation tests.  The fracture 
toughness tests completed in our work followed ASTM C1421 [73].  Following this standard 
allowed for our results to be comparable to others who have published and have followed this 
standard.  Quinn [74] recommended that the Vickers Indentation Fracture (VIF) technique no 
longer be acceptable for the fracture toughness testing of ceramic materials.  Some of literature 
results for fracture toughness are described below.   
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Mukhopadhyay [8] reported the effects of a good dispersion of as much as 10 wt% multi-
walled carbon nanotubes (MWCNTs) on the mechanical properties of dense alumino-borosilicate 
glass ceramics.  The fracture toughness and flexural strength of the nanocomposites increased 
with increasing MWCNT content up to 10 wt%. The ABS–10 wt% MWCNT nanocomposite 
possessed nearly double the strength of the unreinforced ABS, accompanied by 150% 
improvement in fracture toughness.  Cho [71] has demonstrated the fracture toughness 
improvement of a silica glass CNT composite prepared by SPS, measured by indentation and 
notched beam tests.  Srinivasan [75] has given a procedure for the single-edged notched beam 
and indentation techniques to be used in order to determine the fracture toughness.   
2.7 Flexural Testing 
We chose to complete flexural tests to determine the strength of our composite, and we 
followed ASTM C1161 [76] during these tests.  The failure of ceramic materials is highly 
dependent on surface cracks and thus it was important to unsure the surface of specimens was 
free from surface irregularities.  Such irregularities were minimized by careful surface polishing 
and preparation.   
2.8 Microindentation 
Microindentation tests are conducted to calculate the hardness of a material.  
Furthermore, microindentation results may also be used to calculate fracture toughness.  Feng 
[77] analyzed the loading and unloading work to obtain the fracture toughness from indentation 
tests.  Anstis [78] applied the indentation technique to evaluate the fracture toughness, giving the 
equation and the calibration constant. 
This method may need to be modified when testing inhomogeneous materials or 
composites, particularly nanocomposites.  Sheldon [79] reported that mechanical properties of 
ceramic composites reinforced with nanoscale materials could be severely overestimated when 
measured by the standard indentation method.  Puchy [80] described the method for indentation 
of alumina-CNT nanocomposites.  Our microindentation tests followed the procedure given in 
ASTM C1327 [81].   
16 
 
2.9 Density Measurements 
Density measurement of ceramic materials is not trivial, but the correct measurement can 
give helpful insight to the relation between microstructure and mechanical properties.  Density 
measurements differ whether they are measuring the solid regions excluding porosity, the solid 
regions with open porosity, or the solid portions with open and closed porosity.   
Apparent Density 
Apparent density is calculated by measuring the sample mass and external volume.  This 
particular measurement of density includes open and closed porosity.  This measurement is 
useful when comparing the theoretical density in order to measure the amount of porosity.  There 
is no standard to follow when measuring the apparent density.   
Archimedes’ Method 
The Archimedes’ method of measuring the density is more accurate than the apparent 
density measurement.  Water is used to fill the open porosity, thus, the measured density only 
includes the solid material and any closed porosity.  However, the degree of water penetration 
into the open pores is limited by the size of the water molecule and how much time has been 
given to infiltrate the pores.  ASTM B962 [82] was followed for measuring the density by the 
Archimedes’ method.   
Gas Pycnometry Method 
The gas pycnometry method is similar to the Archimedes’ method except that the water is 
replaced by helium gas.  The gas pycnometry measurement is slightly more accurate than the 
Archimedes’ method which infiltrates the open pores with water.  During pycnometry, the tiny 
helium molecules are able to penetrate further into the open pores, therefore minimizing the 
inclusion of open pores in the measurement.    
2.10 X-Ray Characterization 
X-ray analysis of ceramic pieces has been a useful tool for analyzing crystal structure, 
phases, and grain size.  Typically, grain sizes can only be measured accurately when the grains 
are less than 100 nanometers in diameter.   
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2.11 Scanning Electron Microscopy 
Scanning electron microscopy is beneficial for the determination of grain size and other 
microstructure elements.  The aid of micrographs for visual reference are typical in published 
literature.  Bisero [83] has proposed a model to explain why it has been found that measurement 
by SEM may cause a large overestimation of the mean grain size of a polycrystalline material.  
Humphreys [84] explained how electron backscattered diffraction (EBSD) can often give more 
accurate measurements of grain and subgrain size than conventional imaging methods.  
2.12 Transmission Electron Microscopy 
 The process of preparing a TEM specimen is lengthy and detailed.  A typical step in the 
procedure includes ion milling of the sample.  Some researchers have shown how samples made 
for transmission electron microscopy (TEM) by ion milling may introduce surface amorphization 
or other artifacts that can degrade the images [85].  Diffraction pattern analysis from selected 
area diffraction micrographs typically helps to identify material composition by identifying 
crystal structure.  The time required for preparation of a TEM sample is lengthy but necessary, if 
highly magnified visualization of the grains and constituents are desired.   
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CHAPTER 3 
 
EXPERIMENTAL PROCEDURES 
3.1 Introduction 
This chapter describes the experimental procedures followed during the synthesis of a 
carbon nanotube reinforced silicon carbide composite.  Standard techniques were used for all 
processing, microstructure determination, characterization, and testing procedures.  For the 
powder processing steps, ball milling and particle size analysis were used.  Microstructure 
determination techniques included scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), and x-ray diffraction (XRD).  The polished sample surfaces and indentations 
were imaged by SEM.  Thinned sample specimens were imaged by TEM.  Bulk samples were 
scanned by XRD.  Mechanical properties were determined by bend tests and indentation tests.   
3.2 Starting Materials 
Multi-Wall Carbon Nanotubes 
The MWCNTs (Helix Material Solutions, Richardson, TX) manufacturer stated diameter 
was 20–40 nm, the length was 0.5–40 µm, and the purity was >95%.  These characteristics are 
listed in Table .  The MWCNTs were mixed in both the as-received state and after silica 
functionalization [1].  The as-received MWCNTs were characterized by XRD, SEM, and TEM.  
Functionalization was completed in a 10.5 watt inductively coupled air plasma to form –OH 
groups, followed by sonication in a solution of NH3, tetraethoxysilane (TEOS), and ethanol until 
dry.  The functionalized CNTs were characterized by TEM.   
Table 1: Manufacturer stated carbon nanotube characteristics. 
Carbon Nanotube Characteristics 
Diameter 20-40 nm 
Length 0.5-40 µm 
Purity >95% 
Number of walls Multi-walled 
Silicon Carbide 
The SiC powder (NanoAmor, Inc., Houston, TX) manufacturer stated particle size was 
45–55 nm.  The stated phase was β-SiC.  These characteristics are listed in Table 2.  The as-
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received SiC was characterized by XRD, SEM, and TEM.  In addition, the SiC powder particle 
size was verified by dynamic light scattering (DLS) technique in a LA-950V2 particle size 
analyzer (HORIBA Instruments, Irvine, CA).   
Table 2: Manufacturer stated silicon carbide characteristics. 
Silicon Carbide Characteristics 
Diameter 45-55 nm 
Phase beta (β) 
Sintering Additive 
The sintering additive was a mixture of silica, alumina, and yttria formed into a 
homogeneous, single phase particle with a mole ratio of 1:1:2 respectively.  The procedure 
followed was the polyvinyl alcohol (PVA) method based on organic-inorganic steric entrapment 
[2].  A batch size was determined, components were weighed, dissolved, heated, dried, calcined, 
ground, and sieved.  The final product was characterized by SEM and XRD.  The purpose of this 
additive was to cause the SiC to sinter at a lower temperature due to the presence of a liquid 
phase at the grain boundaries of the SiC particles.  The processing method of this additive 
produced small particles, each with the required composition of additive elements.  The 
hypothesis was to have the required composition in small, well dispersed particles mixed with 
the SiC which would result in a lower weight percent of the additive necessary for densification.  
Additional benefits hypothesized were that the densification occur sooner, produce a higher final 
density, or result in fewer pores.   
3.3 Powder Processing 
Samples Prepared at the Army Research Laboratory (ARL) 
Mixed SiC and MWCNT powders were ball milled for 24 hours in 100 ml (high density 
polyethelyne (HDPE) bottles with 20 g of 5 mm yttria-doped zirconia grinding medium (Union 
Process, Akron, OH).  In most cases, two batches for each mixture were made: one bottle was 
ball milled dry; the other ball milled in ethanol (hereafter termed “wet”milled).  When soft 
agglomerates were formed, they were broken up by mortar and pestle prior to sintering.  Seven 
powders were prepared for sintering at the Army Research Laboratory (ARL).  The composition 
and processing conditions for each sample are shown in Table 3.  After mixing the MWCNTs 
and the SiC, the powders were characterized by SEM and TEM.  The SEM micrographs 
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indicated the degree of mixing and agglomeration, and TEM micrographs determined the degree 
of damage to the CNTs.  Sample 7 was made with 20 wt% of the sintering additive and mixed 
with the SiC powder by ball milling. 
Table 3: Composite compositions and processing conditions for 7 samples at the Army 
Research Laboratory (ARL). 
Sample SiC (g) MWCNT (g) Additive (g) Milling Theoretical Density (g/cm
3
) 
1 5.00 0.00 0 None 3.21 
2 5.00 0.00 0 Wet 3.21 
3 4.75 0.25 0 Dry 3.12 
4 4.75 0.25 0 Wet 3.12 
5 4.75 0.25 0 Dry 3.12 
6 4.75 0.25 0 Wet 3.12 
7 4.00 0.00 1.0 Dry 3.506 
Samples Prepared at the Quad Cities Manufacturing Laboratory (QCML) 
The same ball milling routine was followed to prepare 22 samples for sintering at the 
Quad City Manufacturing Laboratory (QCML).  However, all these samples were balled milled 
dry, because of all the ARL samples, the dry milled samples yielded a higher density than did the 
wet milled samples.  The compositions and processing conditions are listed in Table 4.  Sample 
17 was the only sample containing MWCNTs.   
28 
 
Table 4: Composition and powder types for samples made at Quad City Manufacturing 
Laboratory (QCML).  
Sample SiC Diameter Weight % MWCNT Theoretical Density (g/cm
3
) Milling 
1 45-55 nm 0 3.21 Ball Mill Dry 
2 45-55 nm 0 3.21 Ball Mill Dry 
3 45-55 nm 0 3.21 Ball Mill Dry 
4 45-55 nm 0 3.21 Ball Mill Dry 
5 45-55 nm 0 3.21 Ball Mill Dry 
6 45-55 nm 0 3.21 Ball Mill Dry 
7 45-55 nm 0 3.21 Ball Mill Dry 
8 45-55 nm 0 3.21 Ball Mill Dry 
9 45-55 nm 0 3.21 Ball Mill Dry 
10 45-55 nm 0 3.21 Ball Mill Dry 
11 45-55 nm 0 3.21 Ball Mill Dry 
12 10 nm 0 3.21 Ball Mill Dry 
13 60 nm 0 3.21 Ball Mill Dry 
14 15 nm 0 3.21 Ball Mill Dry 
15 600 grit 0 3.21 no milling 
16 NA 0 3.21 Ball Mill Dry 
17 45-55 nm 5 3.12 Ball Mill Dry 
18 45-55 nm 0 3.21 Ball Mill Dry 
19 120 grit 0 3.21 no milling 
20 320 grit 0 3.21 no milling 
21 240 grit 0 3.21 no milling 
22 45-55 nm 0 3.21 Ball Mill Dry 
3.4 Composite Synthesis 
ARL 
The SPS unit consisted of a large vacuum chamber located within a load frame such that 
the rams passed through the walls of the chamber and applied a compressive load to the sample.  
The rams also delivered a pulsed direct current (DC) electric signal; however, the loading system 
was independent of the pulsed current system.  The processed powder was placed within a 
graphite die and punch assembly.  The die and punch were placed between the upper and lower 
rams, as shown in Figure 1. 
29 
 
 
Figure 1: Geometry of the graphite die and punch assembly, including the ram platens. 
After filling the die, placing it in the chamber, and applying the desired load to the rams, 
argon gas was allowed to flow into the chamber while the DC current was pulsed.  The current 
was increased at a rate of 300 A/min until the final temperature was reached, resulting in four to 
five minute temperature ramp duration.  The temperature was measured by focusing an optical 
pyrometer in the outer surface of the die wall.  When the desired temperature was reached, either 
a hold time began, or the current and load were ceased.  The sample was allowed to cool to 100 
°C before removal from the chamber.  The sintering parameters for each sample are shown in 
Table 5.   
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Table 5: Spark plasma sintering parameters used for the ARL samples. 
Sample 
Current Ramp Rate 
(A/min) 
Load 
(MPa) 
Final Temperature 
(°C) 
Final Temperature 
Dwell (min) 
1 300 55 1800 5 
2 300 55 1800 5 
3 300 55 1800 0 
4 300 55 1800 0 
5 300 55 1800 0 
6 300 55 1800 0 
7 300 55 1800 0 
 
For all samples, the powder was loaded into the open space in the die between the two 
punches, and compressed to ~1275 psi in a standard laboratory press (Carver, Washbash, IN).  
Care was taken to ensure the sample powder and punches were centered vertically within the die.  
For all samples, two graphite spacers were placed between the platens of the hydraulic ram on 
each side of the punches and die.  A pyrometer was aimed at the center outside surface of the die 
during each run to measure temperature.  The minimum temperature detected by the pyrometer 
was 636 °C.  We assumed the sample temperature was higher than the pyrometer reading.  After 
each sample was loaded, the chamber was evacuated to 10 mT before continuing with the current 
pulsing.  For each sample, a constant pressure of 55 MPa was maintained on the sample before, 
during, and after the current pulsing.  For each sample, the pulsed current was raised by 300 
amps every minute.  The pulsed current frequency and duration were 10 µsec (square wave).  
During the current ramping (300 amps/min), the voltage and temperature were recorded at one 
minute intervals.  The current and voltage were read from an analog meter, and temperature as a 
digital reading.  For samples with a dwell time, the current was adjusted to maintain 1800 °C for 
five minutes.  For samples without a dwell time, the current was turned to zero immediately after 
reaching 1800 °C.  Generally, the chamber was allowed to cool to less than 200 °C before 
backfilling the chamber with argon and removing the sample.  Samples were removed from the 
die by means of a laboratory press.  The final product was a dense disk with diameter measuring 
25 mm and height 3 mm.   
QCML 
A commercial SPS unit (Thermal Technologies, Inc., Santa Rosa, CA) was utilized to 
sinter samples at the Quad Cities Manufacturing Laboratory (Rock Island, IL).  The unit 
consisted of a sample chamber with hydraulic rams, graphite spacers, graphite die and punch, 
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power unit, water cooling circuit, control module, and computer data acquisition unit.  The data 
acquired during the SPS process included time, temperature, current, voltage, and displacement.  
Table 6 contains the sintering conditions for each of the samples.   
Table 6: Processing conditions for the QCML samples.   
Sample Max Temp (°C) Hold Time (min) Pressure (MPa) 
1 1800 0 50 
2 1700 0 50 
3 1600 0 50 
4 1700 0 50 
5 1700 1 50 
6 1700 2 50 
7 1700 3 50 
8 1700 4 50 
9 1700 1 60 
10 1700 1 70 
11 1700 1 70 
12 1700 1 50 
13 1700 1 50 
14 1700 1 50 
15 1700 1 50 
16 1700 1 50 
17 1700 1 50 
18 1700 1 50 
19 1700 1 50 
20 1700 1 50 
21 1700 1 50 
22 1700 1 50 
 
The parameters (temperature, dwell time, and pressure) in the table above are the 
parameters that were chosen to vary among the samples.  These parameters were hypothesized to 
contribute to the microstructure development and influence the mechanical properties of the 
sample. 
In addition to these three key processing parameters, there are several other parameters 
which may contribute to the final microstructure and sample properties.  These additional 
processing conditions are listed in the following table.  These are recorded in order capture every 
difference in the synthesis of these samples.  Table 7 lists these additional parameters.   
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Table 7: Additional processing parameters for the QCML samples. 
Sample Mass (g) # Grafoil 
 Sheets 
Atmosphere Pulse Program Cooling 
1 2.3 1 Argon, 0.235 l/min 25 us on, 5 us off Sample cooled and load 
removed simultaneously 
2 2.4 1 Argon, 0.235 l/min 25 us on, 5 us off Sample cooled and load 
removed simultaneously 
3 2.1 1 Argon, 0.235 l/min 25 us on, 5 us off Sample cooled and load 
removed simultaneously 
4 2.4 1 Vacuum 25 us on, 5 us off Sample cooled and load 
removed simultaneously 
5 2.4 1 Argon, 0.235 l/min 25 us on, 5 us off Sample cooled and load 
removed simultaneously 
6 2.4 1 Argon, 0.235 l/min 25 us on, 5 us off Sample cooled and load 
removed simultaneously 
7 2.6 1 Argon, 0.235 l/min 25 us on, 5 us off Sample cooled and load 
removed simultaneously 
8 2.4 2 Argon, 0.235 l/min 25 us on, 5 us off Sample cooled and load 
removed simultaneously 
9 2.5 2 Argon, 0.235 l/min 25 us on, 5 us off Sample cooled and load 
removed simultaneously 
10 2.4 2 Argon, 0.235 l/min 25 us on, 5 us off Sample cooled and load 
removed simultaneously 
11 2.4 2 Argon, 0.235 l/min 25 us on, 5 us off cooled to 1000 °C before 
removing load 
12 2.2 1 Argon, 0.235 l/min 25 us on, 5 us off cooled to 1000 °C before 
load removed 
13 3.6 2 Argon, 0.235 l/min 25 us on, 5 us off cooled to 1000 °C before 
load removed 
14 2.5 1 Argon, 0.235 l/min 25 us on, 5 us off cooled to 1000 °C before 
load removed 
15 3.6 2 Argon, 0.235 l/min 25 us on, 5 us off cooled to 1000 °C before 
load removed 
16 2 2 Argon, 0.235 l/min 25 us on, 5 us off cooled to 1000 °C before 
load removed 
17 2.6 2 Argon, 0.235 l/min 25 us on, 5 us off cooled to 1000 °C before 
load removed 
18 2.5 2 Argon, 0.235 l/min 25 us on, 5 us off cooled to 1000 °C before 
load removed 
19 4.8 2 Argon, 0.235 l/min 25 us on, 5 us off cooled to 1000 °C before 
load removed 
20 4.9 2 Argon, 0.235 l/min 25 us on, 5 us off cooled to 1000 °C before 
load removed 
21 2.5 2 Argon, 0.235 l/min 25 us on, 5 us off cooled to 1000 °C before 
load removed 
22 2.5 2 Argon, 0.235 l/min 39.6 us on, 6.6 us 
off 
cooled to 600 °C before 
load removed 
 
The table states the recorded mass as the amount of powder that was placed in the die 
between the punches.   Each sample powder had a different initial density (and thus volume) 
because of the different processing conditions and initial grain size.  The number of grafoil 
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sheets indicates the number of grafoil sheets placed between the powder and the punch surface, 
at each punch.  The argon flow rate was constant and the same for all samples.  The pulse 
program was the same for all samples except for sample 22.  The cooling program was the same 
for samples 1-10 and the same for samples 11-21.  Sample 22 had a different cooling program 
than all others.  The final samples were solid disks with diameters of 12 mm.   
Digital photographs of the QCML SPS unit are provided in the following two figures.  
Figure 2 shows the exterior of the chamber including the door, viewing port, water cooling lines, 
and flow meters.  Figure 3 shows the interior of the chamber (through the viewing port) 
including the die and punch during an experiment.  The punches are seen to be red hot, while the 
die was shrouded by a fiberglass sleeve.   
 
Figure 2: Exterior of SPS unit at QCML showing location of door and viewing port. 
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Figure 3: Die and punch glowing red during SPS processing.  The center part is insulated by a 
fiberglass sleeve. 
3.5 Density of Composites 
Apparent Density 
The apparent densities of the samples were measured by dividing the sample mass by the 
sample volume.  The sample volume was calculated from dimensions measured with a digital 
caliper.  The mass was acquired by weighing the sample.  All ARL samples and QCML samples 
were measured by this method.   
Archimedes Method 
The absolute densities of the QCML samples were assessed by the Archimedes method, 
and were measured before cutting any of the disks.  The Archimedes method was performed by 
placing the sample disks in a drying furnace at ~120°C for 24 hours, followed by measurement 
of the dry weight.  Next, the samples were submerged in deionized water, suspended from metal 
mesh to secure samples and prevent cracking, and boiled for 5 hours.  The samples were again 
weighed while submerged in deionized water.  Finally, the saturated samples were removed from 
water, brushed with a damp cloth to remove surface water, and weighed for the saturation 
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weight.  The pore volume, the geometric volume, and the percent porosity were calculated 
according to Equation 1-3.  
             
                          
            
 Equation 1 
                 
                                 
            
 Equation 2 
            
           
               
 Equation 3 
Derivation of the Archimedes’ Method 
Dry Weight = ρAVA 
 
Equation 4 
Saturated Weight = ρAVA + ρwaterVpores 
 
Equation 5 
 
Submerged Weight = ρAVA - ρwaterVA 
 
Where ρA and VA are the density and volume of the bulk material (excluding porosity). 
 
Equation 6 
                   
      
 = 
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Equation 7 
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Equation 8 
Gas Pycnometry Method 
Gas pycnometry was followed to measure the absolute density of the samples.  The 
absolute density is the density of the sample with enclosed pores.  In this method, the mass of the 
sample is recorded and divided by the sample volume excluding any open pores.  The sample 
volume excluding the open pores is measured by intruding helium gas into a known chamber 
volume which contains the sample.  The measured volume of gas that fills the chamber is then 
related to the sample volume.  The difference between the absolute density and the theoretical 
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density is the amount of closed porosity in the sample.  These density measurements were carried 
out in an AccuPync II 1340 Pycnometer (Micromeritics, Norcross, GA).   
3.6 X-Ray Diffraction 
X-ray diffraction spectra were obtained from a D5000 X-ray Powder Diffractometer 
(Siemens, Munich, Germany).  The scan range was 25-65 degrees, the scan speed was 0.5 
degrees per minute, and the step size was 0.2.  Scans were taken of the entire sample placed 
within the sample container, making sure that the scanned surface was at the correct height for 
the scan.  Analysis of the XRD data was carried out with Jade 9 software (MDI, Livermore, CA).  
For each data set, the background was fit without stripping the K-alpha.  Next, the peak profiles 
were fit to determine the crystallite size and strain.  Due to the absence of any strain, the result 
gave the average grain size.  Three independent peaks were chosen for each data set to determine 
the average.   
3.7 Scanning Electron Microscopy 
Powder characterization and surface characterization of the final cut and polished 
samples was conducted with a JSM 6390 (JEOL, Tokyo, Japan) SEM.  The microindented 
specimens were also imaged by SEM.  Samples (both powders and cut specimens) generally did 
not require to be carbon or gold coated.  Typical microscope setting used for the powders and 
sintered samples were 5 keV voltage, 10 mm working distance, and spot size of 40.   
SEM specimens of the dense ceramic were prepared by cutting and polishing of the 
sample surfaces.  Polishing was accomplished with a polishing table (Buehler, Lake Bluff, IL) 
with SiC grinding paper ranging from coarse to 4000 grit (5 micron).  We did not chemically 
etch or anneal the samples to reveal the grain boundaries.   
3.8 Transmission Electron Microscopy 
TEM samples were made by carefully following a step-by-step process beginning with 
the bulk sintered product and ending with a thin section of electron transparency.  Steps included 
wafering thin sections of the bulk material, ultrasonic disk cutting of the wafer into 3 mm disks, 
grinding and polishing the disks down to 100 µm thick, dimpling the disk down to 30 µm, and 
finally ion milling to create a small hole through the sample.   
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TEM Sample Preparation 
The bulk samples were first sliced into thin wafers approximately 1 mm thick by an 
Isomet Low Speed Saw (Buehler, Lake Bluff, IL) with a diamond wafering blade, lubricated 
with water, as shown in Figure 4.  The thin sections were then cut by a Model 601 Ultrasonic 
Disk Cutter (Gatan, Inc., Warrendale, PA) shown in Figure 5.  To aid in cutting, 14.5 micron 
silicon carbide grit dispersed in a solution of water and soap as an abrasive.  A 3 mm diameter 
hollow tip cut the disks.   
 
 
Figure 4: Buehler Isomet low speed saw cutting a SiC sample.   
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Figure 5: Gatan Model 601 Ultrasonic Disk Cutter. 
These small disks were manually ground with diamond polishing disks to a final 
thickness of 100 µm.  The grinding sequence showing diamond grit size, and target thickness are 
displayed in Table 8.  A Minimet Polisher (Buehler, Inc.,, Lake Bluff, IL) shown in Figure 6 
allowed for the thinning process and the samples were mounted to metal stubs with Crystalbond 
(Buehler, Inc.). 
Table 8: Polishing regimen for preparing TEM samples, displaying the final thickness to 
which sample disks were ground for each corresponding diamond grit size. 
Diamond Grit (microns) Final Disk Thickness (microns) 
125 365 
70 240 
45 170 
15 125 
9 110 
6 100 
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Figure 6: Buehler Minimet Polisher used to grind and polish all samples for TEM specimens. 
A thin layer of Crystalbond (Buehler, Lake Bluff, IL) adhesive between the sample disk 
and the grinding stub, caused the actual final thickness of the disk to be less than 100 µm 
(generally 90-95 µm).  After grinding, the samples were removed from the stub by submerging 
in acetone which dissolved the Crystalbond.  Next, the samples were placed on a Model 656 
Dimple Grinder (Gatan, Inc., Warrendale, PA) shown in Figure 7 with a 15 mm diameter flat-
face dimpling wheel.  Samples were dimpled with 1 µm diamond grit paste leaving a remaining 
thickness of ~30 µm.   
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Figure 7: Gatan Model 656 Dimple Grinder used to dimple polished disks.   
The approximate dimple depth was calculated according to Equation 9: 
 
             
              
                    
 Equation 9 
 
After dimpling, the samples were adhered on 3 mm copper TEM grids #437HC (SPI, 
Inc., West Chester, PA) with paint #05006-AB colloidal graphite 20 wt% solids in isopropanol 
(SPI, Inc., West Chester, PA). The samples were then ion milled on a Model 691 Precision Ion 
Polishing System (Gatan, Inc., Warrendale, PA) as shown in Figure 8 until the center of the 
dimple was penetrated.  Typical ion milling parameters were 4 volts, 20 mA, rotation on, and 
double beams at +/-6 degrees.  Liquid nitrogen was not used in the cold stage.  Typical ion 
milling times were between 8-16 hours.  After the ion mill had penetrated the bottom of the 
dimple, the samples were ready for TEM imaging.   
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Figure 8: Gatan Model 691 Precision Ion Polishing System used to mill a hole through the TEM 
specimen. 
TEM Imaging 
Transmission electron microscopy imaging was carried out with a 2010 TEM (JEOL, 
Tokyo, Japan) with LaB6 filament shown in Figure 9.  The accelerating voltage was 200keV.  
Spot size was generally at 1 or 2, and the alpha setting was 2 or 3, depending on the 
magnification.  A condenser aperture of 100 µm was employed to help sharpen the beam.  Image 
contrast and selected area diffraction patterns were obtained with the aid of the objective 
aperture.  Both single and double tilt specimen holders allowed one to obtain bright field images 
and diffraction patterns respectively.  Generally, the selected area aperture singled out a 
particular grain in the polycrystal so as to obtain a diffraction pattern composed of discrete spots, 
as opposed to rings.   
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Figure 9: JEOL 2010 LaB6 transmission electron microscope. 
Diffraction Pattern Analysis 
Diffraction patterns obtained during TEM imaging enabled the determination of 
composition and phase of the sample material.   The d-spacing for the material was determined 
by measuring the radial distance between diffraction spots, or the radius of the diffraction rings.  
The relevant equation for such analysis is shown below.   
 
      Equation 10 
 
Where λ is the wavelength of the electron, L is the camera length, r is the radius of the diffraction 
ring, and d is related to the lattice constant.   
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3.9 Flexural Testing 
ARL 
Specimens were prepared for 3-point flexural testing by cutting bend bars from the 
sintered samples.  The samples were cut with a slow-speed saw containing a 4-inch diamond 
wafering blade.  The cut pieces were then polished with a 15 μm and then a 6 μm diamond 
polishing disk under running water.  Surface uniformity and the removal of all surface features 
were confirmed by optical stereo microscope.  Typical bend bar dimensions were 3 mm by 3 mm 
square, with varying lengths.  Bend bars were tested in 3-point flexure in a Model 5882 load 
frame (Instron, Norwood, MA).  The crosshead displacement rate was 0.1 mm/min.  The testing 
setup is seen schematically in Figure 10.   
 
Figure 10: Loading configuration for 3-point flexural test. 
Flexural strength for the specimens was determined by Equation 1, where   is the 
flexural strength,   is the measured load,   is the support span,   is the specimen width, and   is 
the specimen thickness. 
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 Equation 11 
 
QCML 
Flexural strength was assessed according to ASTM-C1161-02c [3]. Samples were 
prepared with the following dimensions: 2.0 mm width by 1.5 mm depth by 25 mm length.  To 
prepare the bend bars, the sintered samples were cut by an Isomet Low Speed Saw (Buehler, 
Lake Bluff, IL) to produce two bars ~2.5 mm thick. The bars were then both mounted parallel to 
each other on a glass slide with Crystalbond (Buehler, Lake Bluff, IL) adhesive, and the glass 
slide was mounted to a holding plate.  The mounted wafers were then manually polished to the 
appropriate dimensions on an Ecomet III Polisher Grinder (Buehler, Lake Bluff, IL) with 15µm 
and 6 µm diamond polishing plates.  A bubble level was placed on top of the holding plate to 
keep the samples approximately parallel to the diamond plates during polishing.  The equipment 
is pictured in Figure 11. 
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Figure 11: Buehler Ecomet III Polisher Grinder used to manually polish bend bars. 
The dimensions of the bend bars were measured by a model MDC-1” SB digital 
micrometer (Mitutoyo, Aurora, IL) with accuracy to 0.001 mm.  Each of the four longitudinal 
faces of the bend bars were polished individually, and an approximately equal amount of 
material was removed from each face.  The length of the bend bars was only ~19 mm due to 
limitations of the starting dimensions of the composite disks.  The cross-sectional width and 
thickness of the bend bars were typically 5% below the dimensions listed by the ASTM after 
surface polishing.  After the beam fabrication, the bend bars were tested in an Instron Model 
5882 under 3 point loading as per ASTM-C1161-02c [3].  BlueHill software (Instron, Norwood, 
MA) recorded the test data. 
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3.10 Microindentation 
The Vickers hardness and fracture toughness of the samples were determined by 
microindentation.  The fractured bend bars also served as the indentation specimens.  The surface 
polish for the indented samples was 6 µm.  Ethanol cleaned the polished face of the sample, as 
well as the microindenting head of grease residue and particles.  A microindenter (Zwick 3212, 
Kennesaw, GA) shown in Figure 12 made the indents. 
 
 
Figure 12: Zwick 3212 microindenter used to measure Vickers hardness and fracture toughness. 
A series of 3 indentations were made at each load.  The loads ranged from 1 kgf - 10 kgf 
and were raised in increments of 1 kgf until radial cracks were optically visible with a 20:1 
microscope lens.  The indented samples were then imaged by SEM.  Indentation and crack 
length measurements were obtained by ImageJ (National Institutes of Health, USA) image 
analysis software.  The Vickers hardness was calculated according to Equation 13.  The 
calculated hardness from Equation 13 allowed calculation of the fracture toughness according to 
Equation 12.  A published Young’s Modulus for SiC [4] of 415 GPa was chosen for Equation 12.   
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  Equation 12 
Where F is force in kg and d = 2a as shown in Figure 13.  
                            
    √    Equation 13 
 
Where E is Young’s modulus, H is Vickers hardness, F is applied force and c as shown in 
Figure 13.  This microindentation procedure was followed for the indentation and analysis of 
both ARL and QCML samples.   
 
Figure 13: Diagram showing the measurements of lengths a and c resulting from 
microindentations
 
[5]. 
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CHAPTER 4 
 
RESULTS 
4.1 Introduction 
The results from the experiments conducted according to the procedures described in the 
previous chapter are provided in this chapter.  The format is similar to that in the previous 
chapter.  The results for each experimental method are divided in two parts, first for the Army 
Research Laboratory (ARL) samples, and then for the Quad Cities Manufacturing Laboratory 
(QCML) samples.   
4.2 Starting Materials 
The SiC and MWCNTs for both ARL and QCML samples are the same.  The three 
primary methods of microcharacterization for the starting materials were x-ray diffraction 
(XRD), scanning electron microscopy (SEM), and transmission electron microscopy (TEM).  
The results confirm the general structure and quality of the starting materials.   
Multi-Wall Carbon Nanoubes 
Microcharacterization of the as-received MWCNTs was completed by scanning electron 
microscopy, transmission electron microscopy, and x-ray diffraction and the results are provided 
in Figure 14-16.  A TEM micrograph of the silica-functionalized MWCNTs is provided in Figure 
17.  Thermogravimetric analysis (TGA) was conducted on the silica functionalized MWCNTs in 
order to determine the extent of functionalization.  The results indicated that the typical mass 
percent of silica coating was 2-3%.  A TGA scan is provided in Figure 18.   
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Figure 14: X-ray spectrum for as-received MWCNTs indicating the expected crystal structure. 
 
Figure 15: SEM micrograph of as-received MWCNTs containing agglomerates.   
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Figure 16: TEM micrograph of as-received MWCNTs containing multiple walls. 
 
Figure 17: TEM micrograph of MWCNTa containing functionalized silica surface coating. 
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Figure 18: TGA scan of as-received and silica functionalized MWCNTs. 
Silicon Carbide 
SEM, TEM, and XRD microcharacterization results of the as-recieved SiC powder are 
provided in Figure 19-21.  Particle diameters were measured directly from the micrographs.   
The sintered samples were cut and polished for SEM analysis.  The average particle 
diameter was estimated by drawing a line on the micrograph, counting the number of particles 
that were crossed, and dividing the number of crossings from the length of the line.  The final 
grain size was also determined from peak profile fitting of the x-ray spectra of the samples, and 
analysis with commercial software (Jade 9, MDI, Livermore, CA).   
The particle size of the as-received SiC powder was also measured by a dynamic light 
scattering (DLS) technique.  The results are provided in Figure 22, which also compares the 
average particle size to SiC that has been ball milled.  The average SiC particle sizes measured 
by XRD, SEM, TEM, and DLS are compared in Table 9.   
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Figure 19: X-ray spectrum of as-received SiC powder indicating expected crystal structure.  
 
Figure 20: SEM micrograph of as-received SiC powder containing agglomerates. 
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Figure 21: TEM micrograph of as-received SiC containing surface oxidation layer.  
 
Figure 22: DLS histogram of as-received and ball milled SiC indicating average particle size. 
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Table 9: Particle size of as-received SiC measured by XRD, SEM, TEM, and DLS. 
Method Particle Size (nm) 
XRD 18 
SEM 50-60 
TEM 20-40 
DLS 11 
Sintering Additive 
The sintering additive was characterized by SEM, energy dispersive spectroscopy (EDS), 
XRD, and differential scanning calorimetry (DSC).  Characterization confirmed the composition, 
particle size, microstructure, and thermal properties.  A SEM micrograph is provided in Figure 
23.  The micrograph was taken after the additive was calcined at 800ºC, then crushed with a 
mortar and pestle.  There is evidence of small particle size.  
 
 
Figure 23: SEM micrograph of alumina, yttria, silica sintering additive calcined to 800°C for 1 
hour. 
The EDS analysis of a separate additive calcined to 600 ºC is shown in Figure 24.  The 
theoretical composition graph indicates the weight percent of carbon, oxygen, and yttrium which 
is expected to be present for the intended molar ratio composition of 1:1:2 (alumina, yttria, and 
silica).   
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Figure 24: Weight percent of sintering additive elements after calcination at 600ºC for 1 hour, 
obtained from EDS measurement compared to theoretical calclations. 
The x-ray spectrum is presented in Figure 25. The scan was taken of the powder sample 
after one hour calcination at 600°C.  Two broad peaks are identified in the spectrum, indicating a 
mostly amorphous nature of the powder.   
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Figure 25: X-ray spectrum of sintering additive calcined at 600°C for 1 hour indicating 2 broad 
peaks. 
The sample was further heated to 1100°C, and the sintering additive was scanned to 
determine what compounds formed during crystalization.  Figure 26 displays the x-ray spectrum 
of the powder after heating to 1100°C.   
 
Figure 26: X-ray spectrum of sintering additive after heating to 1100°C for 1 hour. 
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The DSC scan is displayed in Figure 27.  The graph shows that the majority of the 
organic matter is removed before 400°C.  Crystallization begins to occur after 1000°C.  The 
SEM micrograph in Figure 28 shows the microstructure of the sintering aid after heating to 
1100°C.  The elemental maps in Figure 29 show the regions of the elements found in the 
sintering aid after heating to 1100°C for 1 hour.   
 
Figure 27: DSC results of sintering additive at a ramp rate of 1 degree per min. 
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Figure 28: High resolution SEM micrograph of the sintering aid after calcining at 1100°C for 1 
hour. 
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Figure 29: Elemental maps of sintering additive after calcining at 1100°C for 1 hour.  Top left 
contains electron micrograph, top right contains location of oxygen atoms, middle left contains 
location of silicon atoms, middle right contains location of aluminum atoms, bottom contains 
location of yttrium atoms. 
The ternary phase diagram for the alumina, yttria, silica system is provided in Figure 30.  
The percent of intermediate compounds have been determined based on tie triangles and the 
lever rule.  After heating to the crystallization temperature, the actual percent of these 
intermediate compounds in the additive were determined from XRD analysis.  The theoretical 
percent and measured percent from XRD analysis are listed in Table 10. 
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Figure 30: Ternary phase diagram for alumina, yttria, silica system. 
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Table 10: Theoretical and measured intermediate compound percents. 
Intermediate Compound Theoretical Percent 
3Al2O3·2SiO2 21.9 
3Y203·5Al2O3 20.5 
Y2O3·2SiO2 57.5 
Intermediate Compound Measured Percent 
Y4Si3(SiO4)O10 77.9 
Y3Al5O12 22.1 
4.3 Powder Processing 
The powder processing methods for both the ARL and QCML samples were the same.  
Below are the characterization results for both sets of samples.  An x-ray spectrum, SEM 
micrograph, and TEM micrograph of the mixed MWCNTs and SiC powders are provided.  
Samples Prepared for the Army Research Laboratory (ARL) 
SEM micrographs of the seven powders prior to sintering are provided in Figure 31-37.  
Samples 1, 2 and 7 did not contain any MWCNTs, and thus, the only difference between these 
processed powder and the as-received SiC powder was the ball milling step.   
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Figure 31: SEM micrograph of sample 1 powder before sintering containing SiC agglomerates.  
This powder was 100% SiC in the as-received state. 
 
Figure 32: SEM micrograph of sample 2 powder before sintering containing SiC agglomerates.  
This powder was 100% SiC and was ball milled for 24 hours in ethanol. 
64 
 
 
Figure 33: SEM micrograph of sample 3 powder before sintering containing SiC agglomerates 
and MWCNTs.  This powder was ball milled for 24 hours dry. 
 
Figure 34: SEM micrograph of sample 4 powder before sintering containing SiC agglomerates 
and MWCNTs.  This powder was ball milled for 24 hours in ethanol. 
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Figure 35: SEM micrograph of sample 5 powder before sintering containing SiC agglomerates 
and silica functionalized MWCNTs.  This powder was ball milled for 24 hours dry. 
 
Figure 36: SEM micrograph of sample 6 powder before sintering containing SiC agglomerates 
and silica functionalized MWCNTs.  This powder was ball milled for 24 hours in ethanol. 
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Figure 37: SEM micrograph of sample 7 powder before sintering containing SiC agglomerates 
and the ternary sintering aid.  This powder was ball milled for 24 hours dry. 
Samples Prepared for the Quad Cities Manufacturing Laboratory (QCML) 
The samples prepared for QCML were mostly pure SiC powders, and were thus not 
characterized prior to sintering.  Powders which were not sintered in the as-received state were 
ball milled prior to sintering.  Sample 17, which contained MWCNTs, had similar characteristics 
as the ARL samples which contained MWCNTs.  The x-ray spectrum, SEM micrograph, and 
TEM micrograph of sample 17 are provided in Figure 38-40.   
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Figure 38: X-ray spectrum of mixed MWCNT and SiC powders indicating crystal structure of 
both components.   
 
Figure 39: SEM micrograph of mixed MWCNT and SiC powders which revealed uniform 
mixing.   
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Figure 40: TEM micrograph of MWCNTs and SiC which revealed undamaged MWCNTs and 
SiC agglomerates.   
4.4 Composite Synthesis 
ARL 
Digital photographs of the final spark plasma sintered samples are displayed in Figure 
41-47.  No barrier was placed between the graphite punches and the sample powders, causing 
some samples to stick to the punches.  Samples 1 and 2 stuck to the punches causing breakage.  
Samples 3 – 6 did not stick, and these samples were easily removed from the die without 
fracture.  Samples 3 – 6 had similar powder compositions, as they all contained MWCNTs.  
Sample 7 also stuck to the graphite die and suffered extensive fracture upon removal from the 
die.  However, this sample contained the sintering additive which likely contributed to the 
sample sticking, by reacting with the graphite punches.  A physical description of each sample is 
provided in Table 11. 
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Figure 41: Sample 1 after removing from the die.  The sample stuck to the die causing it to break 
into pieces.  The sample diameter is 25.4 mm.   
 
Figure 42: Sample 2 after removing from the die, showing some surface irregularity due to 
sticking to the die.  The sample diameter is 25.4 mm.   
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Figure 43: Sample 3 after removing from the die, showing smooth surfaces. The sample diameter 
is 25.4 mm.   
 
Figure 44: Sample 4 after removing from the die showing smooth surfaces. The sample diameter 
is 25.4 mm.   
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Figure 45: Sample 5 after removing from the die showing smooth surfaces. The sample diameter 
is 25.4 mm.   
 
Figure 46: Sample 6 after removing from the die showing smooth surfaces. The sample diameter 
is 25.4 mm.   
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Figure 47: Sample 7 after removing from the die.  The sample stuck causing the sample to break. 
The sample diameter is 25.4 mm.   
Table 11: Physical description of the 7 ARL samples. 
Sample Description 
1 Surface irregularities caused by sticking to punch. Later, broke into pieces 
2 Surface irregularities caused by sticking to punch. 
3 Well-formed sample. 
4 Well-formed sample. 
5 Well-formed sample. 
6 Well-formed sample. 
7 Broke into pieces during die removal. 
 
QCML 
Figure 48 displays digital images of a QCML sample after SPS processing.  The silver 
coating shown is a result of the grafoil sheets which were placed between the punch and the 
powders to prevent sticking.  This coating was removed by wire wheel after sintering.  The use 
of the grafoil sheets allowed easy removal of the sample from the die without sample breakage. 
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Figure 48: QCML sample after sintering showing grafoil coating and grafoil coating being 
scrapped away.  The sample diameter is 25.4 mm.   
Digital photographs of all the QCML samples were not taken prior to the samples being 
cut into bend bars.  All of the samples were fully intact except samples 6, 7, 19, 20, and 21, 
which were either stuck to the punch or too grainy to handl.  A physical description of each 
sample is provided in Table 12. 
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Table 12: Physical description of the QCML samples. 
Sample Number Description 
1 Well-formed sample. 
2 Well-formed sample. 
3 Well-formed sample. 
4 Well-formed sample. 
5 Well-formed sample. 
6 Stuck to punch, poor sample 
7 Stuck to punch, poor sample 
8 Well-formed sample. 
9 Well-formed sample. 
10 Well-formed sample. 
11 Well-formed sample. 
12 Well-formed sample. 
13 Thick sample 
14 Thin sample 
15 Well-formed sample. 
16 Well-formed sample. 
17 Well-formed sample. 
18 Well-formed sample. 
19 grainy, poor sample 
20 grainy, poor sample 
21 grainy, poor sample 
22 Well-formed sample. 
4.5 Density of Composites 
The density of the samples made at both ARL and QCML were measured by the apparent 
density method, Archimedes’ method, and gas pycnometry method.   
Apparent Density: ARL 
The apparent density of ARL samples are listed in Table 13.  The percent theoretical 
density (% TD) has also been calculated.   
Table 13: Apparent density for the ARL samples. 
Sample Apparent Density (g/cm
3
) % TD 
1 2.55 79.4 
2 2.21 68.8 
3 2.75 88.0 
4 2.72 86.7 
5 2.58 82.6 
6 2.54 81.3 
7 3.01 85.7 
 
For the intact samples, the thickness and diameter of the samples were measured and the 
sample mass was divided by the calculated volume.  The bulk density of sample seven was found 
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by cutting a small rectangular prism from a piece of the fractured sample, and measuring the 
volume of the piece. 
Apparent Density: QCML 
The apparent density calculated from the measured sample dimensions are listed in Table 
14.  Samples 19-21 could not be measured because the samples crumbled when the grafoil 
coating was removed.  Again, the percent theoretical density has been calculated for 
convenience.   
Table 14: Apparent density for the QCML samples. 
Sample Apparent Density (g/cm
3
) % TD 
1 2.06 64.3 
2 1.80 56.1 
3 2.20 68.5 
4 2.04 63.6 
5 1.84 57.2 
6 1.77 55.0 
7 1.69 52.8 
8 2.13 66.2 
9 2.08 64.8 
10 2.12 66.1 
11 2.23 69.3 
12 1.91 59.5 
13 2.03 63.2 
14 2.02 63.1 
15 2.06 64.2 
16 2.10 65.5 
17 1.97 63.2 
18 2.28 70.9 
19 - - 
20 - - 
21 - - 
22 2.01 62.6 
 
Archimedes Method: ARL 
Archimedes’ density and percent theoretical density for the ARL samples are listed in 
Table 15.   
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Table 15: Archimedes density results of the ARL samples. 
Sample Archimedes Density (g/cm
3
) % TD 
1 2.9341 91.4 
2 2.7878 86.8 
3 2.9141 93.3 
4 2.7460 87.9 
5 2.6136 83.6 
6 2.5846 82.7 
7 3.2082 91.5 
Archimedes Method: QCML 
Archimedes’ density and percent theoretical density for the QCML samples are listed in 
Table 16.  
Table 16: Archimedes density results of the QCML samples. 
Sample Archimedes Density (g/cm
3
) % TD 
1 3.10 96.6 
2 3.07 95.6 
3 3.06 95.3 
4 3.10 96.6 
5 3.10 96.6 
6 3.07 95.6 
7 3.08 96.0 
8 3.12 97.0 
9 3.09 96.3 
10 3.09 96.3 
11 3.09 96.3 
12 2.79 86.9 
13 3.17 98.8 
14 2.15 67.0 
15 3.18 99.0 
16 3.12 97.2 
17 3.11 99.7 
18 3.16 98.4 
19 3.09 96.3 
20 2.87 89.4 
21 3.16 98.4 
22 3.09 96.3 
Gas Pycnometry Method: ARL 
Pycnometry density and percent theoretical density for the ARL samples are listed in 
Table 17.  
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Table 17: Pycnometry density results of the ARL samples. 
Sample Pycnometry Density  (g/cm
3
) % TD 
1 3.0558 95.2 
2 3.1224 97.3 
3 2.958 94.8 
4 2.878 92.2 
5 3.064 98.2 
6 3.0893 99.0 
7 3.2524 92.8 
 
Gas Pycnometry Method: QCML 
Pycnometry density and percent theoretical density for the QCML samples are listed in 
Table 18.  
Table 18: Pycnometry density results of the QCML samples. 
Sample Pycnometry Density (g/cm
3
) % TD 
1 3.15 98.2 
2 3.10 96.6 
3 3.12 97.3 
4 3.13 97.4 
5 3.12 97.3 
6 3.13 97.6 
7 3.18 99.1 
8 3.12 97.3 
9 3.09 96.2 
10 3.11 96.7 
11 3.06 95.2 
12 2.91 90.6 
13 3.16 98.5 
14 2.13 66.5 
15 3.17 98.7 
16 3.14 97.9 
17 3.08 98.4 
18 3.16 98.4 
19 3.18 99.1 
20 3.20 99.7 
21 3.16 98.4 
22 3.12 97.3 
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4.6 X-Ray Diffraction 
ARL  
X-ray spectra from the seven ARL samples are displayed in Figure 49-55.  The grain 
sizes measured from the peak broadening analysis are listed in Table 19.   
 
Figure 49: X-ray spectrum for sample 1 indicating SiC indices and trace graphite.   
 
Figure 50: X-ray spectrum for sample 2 indicating SiC indices, trace graphite, and MWCNTs.   
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Figure 51: X-ray spectrum for sample 3 indicating SiC indices and MWCNTs.   
 
Figure 52: X-ray spectrum for sample 4 indicating SiC indices and MWCNTs.   
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Figure 53: X-ray spectrum for sample 5 indicating SiC indices and MWCNTs.   
 
Figure 54: X-ray spectrum for sample 6 indicating SiC indices and MWCNTs.   
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Figure 55: X-ray spectrum for sample 7 indicating SiC indices.   
Table 19: Grain sizes of ARL samples measured from x-ray spectra. 
Sample Grain size (nm) 
1 228 
2 477 
3 168 
4 204 
5 207 
6 265 
7 94 
QCML 
The x-ray spectra for the 22 QCML samples are displayed in Figure 56-74.  The grain 
sizes measured from the peak broadening analysis are listed in Table 20 
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Figure 56: X-ray spectrum for sample 1 indicating SiC indices. 
 
Figure 57: X-ray spectrum for sample 2 indicating SiC indices. 
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Figure 58: X-ray spectrum for sample 3 indicating SiC indices. 
 
Figure 59: X-ray spectrum for sample 4 indicating SiC indices. 
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Figure 60: X-ray spectrum for sample 5 indicating SiC indices. 
 
Figure 61: X-ray spectrum for sample 6 indicating SiC indices. 
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Figure 62: X-ray spectrum for sample 7 indicating SiC indices. 
 
Figure 63: X-ray spectrum for sample 8 indicating SiC indices. 
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Figure 64: X-ray spectrum for sample 9 indicating SiC indices. 
 
Figure 65: X-ray spectrum for sample 10 indicating SiC indices. 
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Figure 66: X-ray spectrum for sample 11 indicating SiC indices. 
 
Figure 67: X-ray spectrum for sample 12 indicating SiC indices. 
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Figure 68: X-ray spectrum for sample 13 indicating SiC indices. 
 
Figure 69: X-ray spectrum for sample 14 indicating SiC indices. 
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Figure 70: X-ray spectrum for sample 15 indicating SiC indices.  The additional peaks were 
identified as SiC of a different polytype. 
 
Figure 71: X-ray spectrum for sample 16 indicating SiC indices. 
90 
 
 
Figure 72: X-ray spectrum for sample 17 indicating SiC indices. 
 
Figure 73: X-ray spectrum for sample 18 indicating SiC indices. 
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Figure 74: X-ray spectrum for sample 22 indicating SiC indices. 
Table 20: Grain sizes of QCML samples measured from x-ray spectra. 
Sample  Grain Size (nm) 
1 63.4 
2 23.8 
3 18.2 
4 21.3 
5 31.3 
6 20.7 
7 20.0 
8 36.0 
9 22.8 
10 32.5 
11 33.0 
12 18.3 
13 75.1 
14 48.4 
15 73.2 
16 27.2 
17 42.8 
18 58.4 
22 35.2 
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4.7 Scanning Electron Microscopy 
SEM micrographs were taken of the TEM specimen disks.  The location for each SEM 
image is near the ion milled hole.  The TEM specimens were polished with 1 µm diamond paste 
prior to ion milling.  The ion milling procedure caused the surface roughness.  The micrographs 
show the arrangement and quantity of pores at the surface of the polished samples.  The 
micrographs were collected by the backscattered electron detector in the composition mode.  The 
pores are visible as dark regions because there was no backscattering of electrons.     
ARL 
Figure 75-81 show the SEM images of the ARL samples.  The backscattered electron 
detector was used to enhance pore microstructure and arrangement.  As noted above, the dark 
areas are pores.  The exception is sample 5 which contains dark regions where there is SiC and 
light regions where there is the sintering additive, because the additive contains heavier atoms, 
thus backscattering more electrons. 
 
Figure 75: Backscattered electron micrograph of sample 1 showing pores and surface waviness 
from ion milling. 
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Figure 76: Backscattered electron micrograph of sample 2 showing pores and surface waviness 
from ion milling. 
 
Figure 77: Backscattered electron micrograph of sample 3 showing pores and surface waviness 
from ion milling. 
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Figure 78: Backscattered electron micrograph of sample 4 showing pores and surface waviness 
from ion milling. 
 
Figure 79: Backscattered electron micrograph of sample 5 showing pores and surface waviness 
from ion milling. 
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Figure 80: Backscattered electron micrograph of sample 6 showing pores and surface waviness 
from ion milling. 
 
Figure 81: Backscattered electron micrograph of sample 7 showing SiC grains (dark color) and 
sintering additive (light color). 
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Because the above SEM micrographs of the TEM specimens did not show the grain size, 
the seven ARL samples were cut and polished exclusively for SEM analysis in order to visually 
measure the grain size.  The grains were measured by the line-intercept method from the SEM 
micrographs displayed in Figure 82-88.  However, grains were only visible in samples 1, 2, and 
7.  The results are listed in Table 21.   
 
Figure 82: SEM micrograph of sample 1 providing grain and pore sizes. 
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Figure 83: SEM micrograph of sample 2 providing grain and pore sizes. 
 
Figure 84: SEM micrograph of sample 3 providing grain and pore sizes. 
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Figure 85: SEM micrograph of sample 4 providing pore size. 
 
Figure 86: SEM micrograph of sample 5 providing pore size. 
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Figure 87: SEM micrograph of sample 6 providing pore size. 
 
Figure 88: SEM micrograph of sample 7 providing SiC grain and pore sizes. 
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Table 21: Grain size within the ARL samples measured by the line-intercept method from 
the SEM micrographs. 
Sample Grain size (nm) 
1 2510 
2 4656 
3 - 
4 - 
5 - 
6 - 
7 958 
QCML 
The SEM micrographs in Figure 89-108 were taken of the QCML samples after they had 
been polished and ion milled for TEM.  The images were collected by either the secondary 
electron detector (SEI) or the backscattered electron detector (BEI) in composition mode.  
Samples 20, 21, and 22 were not imaged because the samples did not produce TEM specimens 
(due to fragile samples).  Samples 15 and 17 were not fabricated into TEM specimens, but the 
surfaces of the bulk samples were imaged.   
 
Figure 89: SEM micrograph of sample 1 indicating pores. 
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Figure 90: SEM micrograph of sample 2 indicating pores. 
 
Figure 91: SEM micrograph of sample 3 indicating pores. 
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Figure 92: SEM micrograph of sample 4 indicating pores. 
 
Figure 93: SEM micrograph of sample 5 indicating pores. 
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Figure 94: SEM micrograph of sample 6 indicating pores. 
 
Figure 95: SEM micrograph of sample 7 indicating pores. 
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Figure 96: SEM micrograph of sample 8 indicating pores. 
 
Figure 97: SEM micrograph of sample 9 indicating pores. 
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Figure 98: SEM micrograph of sample 10 indicating pores. 
 
Figure 99: SEM micrograph of sample 11 indicating pores. 
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Figure 100: SEM micrograph of sample 12 indicating pores. 
 
Figure 101: SEM micrograph of sample 13 showing grains. 
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Figure 102: SEM micrograph of sample 14 showing grains. 
 
Figure 103: SEM micrograph of sample 15 showing grains. 
108 
 
 
Figure 104: SEM micrograph of sample 16 indicating pores. 
 
Figure 105: SEM micrograph of sample 17 showing a high magnification image of a MWCNT 
agglomerate. 
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Figure 106: SEM micrograph of sample 17 showing a low magnification image of an 
agglomeration of MWCNTs. 
 
 
Figure 107: Backscattered electron micrograph of sample 18 indicating pores. 
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Figure 108: SEM micrograph of sample 22 indicating pores. 
111 
 
 
Figure 109: Energy dispersive spectroscopy (EDS) maps of sample 17 containing a MWCNT 
agglomeration. Top provides an electron micrograph of agglomerate, middle provides location of 
carbon atoms, bottom provides location of silicon atoms. 
4.8 Transmission Electron Microscopy 
ARL 
Transmission electron microscopy imaging of the samples displayed the microstructure 
of the sintered products.  Figure 110-116 show the microstructures of the samples.  The insets 
show the selected area diffraction patterns.  For each sample, the grain size was measured and is 
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listed in Table 22.  The micrographs were observed to determine the location of MWCNTs.  For 
these samples, visual observation of MWCNTs after sintering allowed the integrity of the 
MWCNTs to be classified. 
Table 22: Grain size measured from ARL TEM micrographs. 
Specimen Grain Size (nm) 
1 2000 
2 7 
3 465 
4 623 
5 720 
6 9 (Crystallite) and 488 (SiC) 
7 536 
 
 
Figure 110: The TEM micrograph depicts evidence of closely packed grains of various 
orientations.  The average grain size as measured from the micrograph is 2 µm.  The selected 
area diffraction (SAD) pattern represents the crystal structure of SiC along a zone axis.  This 
sample contained only SiC.  There is no evidence of MWCNTs, and none were expected. 
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Figure 111: The TEM micrograph of sample 2 shows an agglomeration of SiC crystallites within 
a matrix of amorphous material.  The SAD indicates a polycrystalline material due to the powder 
rings.  Analysis confirmed the composition was a combination of SiC, silica, and carbon.  The 
average grain size of the crystallites as measured from the micrograph was 7 nm.  Because the 
crystallites were small, it was not possible to obtain a single crystal diffraction pattern from a 
crystallite.  There were no MWCNTs in the powder mix, and none were detected in the 
micrograph. 
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Figure 112: The TEM micrograph of sample 3 shows a partially dense polycrystalline body 
containing SiC grains, pores, and MWCNTs.  The MWCNTs are found agglomerated in the 
pores.  There is evidence of open pore space adjacent to the MWCNTs.  The top left inset shows 
the SAD of one of the SiC grains.  The top right inset shows the SAD for the agglomeration of 
MWCNTs.  The MWCNTs are mostly amorphous structures, and do not contain the typical 
ordered wall layout.  The micrograph is a bright field image in order that the different phases and 
grain orientations appear with different contrast.  The average size of the SiC grains as measured 
from the micrograph is 465 nm. 
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(a) 
 
(b) 
Figure 113: Two micrographs of sample 4 were taken.  The first micrograph (a) is a TEM bright 
field image which shows a SiC grain with a zone axis aligned parallel to the electron beam, thus 
creating the diffraction pattern shown in the inset.  The selected area for the SAD is the darkened 
SiC grain.  The grain is dark because grains oriented close to a zone axis have little transmitted 
beam.  The grain is approximately 623 nm in diameter.  Adjacent to the grain is a small pore, 
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indicating that full densification has not been achieved during the sintering.  In this micrograph, 
there are no visible MWCNTs.  The second micrograph (b) shows another region of the sample 
with a pore containing MWCNTs surrounded by SiC grains.    
 
Figure 114: The TEM micrograph of sample 5 shows a collection of SiC grains with various 
orientations.  The image is a bright field micrograph which shows the various orientations of the 
SiC grains.  Dark grains are those with a zone axis aligned with the electron beam creating the 
diffraction pattern shown in the inset.  The average grain size is approximately 720 nm in 
diameter.  There are several small pores visible, indicating that full densification has not been 
achieved during the sintering.  In the pores, there are several agglomerations of MWCNTs. 
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Figure 115: (a) (continued on next page) 
 
Figure 115: (b) (continued on next page) 
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(c) 
Figure 115: Several TEM micrographs were taken of sample 6.  The first micrograph (a) shows a 
region containing many crystallites.  The lower inset is a higher magnification of these 
structures, showing the crystallites are surrounded by an amorphous matrix.  The upper inset is a 
SAD of these crystallites indicating the polycrystalline nature of the structure because of the 
diffraction rings.  The average size of the crystallites as measured from the micrograph is 9 nm  
The second micrograph (b) is a bright field image of a few SiC grains.  They are closely packed 
indicating good sintering.  The inset shows the SAD for one of the SiC grains.  The average size 
of the SiC grains is 488 nm.  The third micrograph (c) is a high magnification image of small 
crystallites, a MWCNT, and an amorphous region.  The carbon nanotube appears to have good 
structure, meaning the SPS processing did not destroy the walls.  The inset shows powder rings 
and a two spot diffraction pattern indicative of MWCNTs and multiple crystals respectively. 
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Figure 116: The micrograph of sample 7 shows a dense polycrystalline structure.  The 
micrograph is a bright field image, so the grains have different contrast depending on the 
orientation.  The inset is a SAD pattern of a grain with a zone axis parallel to the electron beam.  
The average grain size as measured from the micrograph is 536 nm.  There is little porosity in 
the micrograph indicating the sintering additive filled the pores during sintering. 
QCML 
18 of the 22 QCML samples were imaged by TEM.  Some samples were not imaged 
because the samples could not be made into TEM specimens due to the large grain size and 
fragility of the samples.  These are samples 15, 17, and 19-21.  The measured grain sizes are 
listed in Table 23.  The TEM micrographs are displayed in Figure 117-133. 
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Table 23: Grain size measured from QCML TEM micrographs. 
Specimen Grain Size (nm) 
1 9 
2 41 
3 39 
4 120 
5 68 
6 76 
7 76 
8 81 
9 33 
10 68 
11 79 
12 12 
13 882 
14 816 
15 - 
16 7 
17 - 
18 1472 
19 - 
20 - 
21 - 
22 59 
 
 
Figure 117: The TEM micrograph of sample 1 depicts an agglomeration of SiC grains with little 
porosity.  The SAD pattern contains powder rings confirming the sample is polycrystalline.  The 
average grain size as measured from the micrograph is 9 nm.  Analysis of the SAD pattern 
indicates the sample is a combination of SiC, silica, and carbon. 
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Figure 118: The TEM micrograph of sample 2 depicts a porous collection of SiC grains.  The 
average grain size measured from the micrograph is 41 nm.  The SAD pattern contains 
diffraction spots that gather into rings, as typical for a SAD pattern containing several grains.  
Analysis of the SAD pattern indicates the sample is a combination of SiC and silica. 
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Figure 119: The TEM micrograph of sample 3 depicts a porous collection of SiC grains.  The 
grains are seen to be covered with a layer of amorphous silica.  The average grain size including 
the amorphous layer as measured from the micrograph is 39 nm.  The SAD pattern contains 
diffraction spots that gather into rings, as typical for a SAD pattern containing several grains.  
Analysis of the SAD pattern indicates the sample is a combination of SiC and silica. 
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Figure 120: The TEM micrograph of sample 4 depicts a porous collection of SiC grains.  The 
grain size appears to be slightly bimodal with both larger and smaller grains sizes.  The average 
grain size of the smaller distribution as measured from the micrograph is 50 nm, while the 
average grain size of the larger distribution is 120 nm.  The SAD pattern contains diffraction 
spots that gather into rings, as typical for a SAD pattern containing several grains.  Analysis of 
the SAD pattern was inconclusive as to the composition of the sample. 
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Figure 121: The TEM micrograph of sample 5 depicts a porous collection of SiC grains.  There 
is evidence of both large and small grains, and all of them are spherical in nature indicating that 
little sintering has taken place.  The average grain size measured from the micrograph is 68 nm.  
The SAD pattern contains diffraction spots that gather into rings, as typical for a SAD pattern 
containing several grains.  Analysis of the SAD pattern indicates the sample is a combination of 
SiC and silica. 
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Figure 122: The TEM micrograph of sample 6 depicts a combination of small crystallites, SiC 
grains, and amorphous regions.  The average size of the SiC grains as measured from the 
micrograph is 76 nm.  The SAD pattern contains diffraction spots that gather into rings, as 
typical for a SAD pattern containing several grains.  Analysis of the SAD pattern indicates the 
sample is a combination of SiC, silicon, and silica. 
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Figure 123: The TEM micrograph of sample 7 depicts a mostly dense collection of SiC grains.  
The micrograph is a bright field image giving greater contrast to the SiC grains depending on 
their orientation.  The average grain size measured from the micrograph is 76 nm, however, there 
are some grains considerably larger.  The SAD pattern contains diffraction spots that gather into 
rings, as typical for a SAD pattern containing several grains.  Analysis of the SAD pattern 
indicates the sample is a combination of SiC, silicon, and silica. 
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Figure 124: The TEM micrograph of sample 8 depicts a porous collection of SiC grains.  The 
micrograph is a bright field image allowing greater contrast between grains of different 
orientation.  The grains are mostly spherical in shape indicating limited sintering has taken place.  
The average grain size measured from the micrograph is 81 nm, though there are grains with 
considerably larger diameter.  The SAD pattern contains diffraction spots that gather into rings, 
as typical for a SAD pattern containing several grains.  Analysis of the SAD pattern indicates the 
sample is a combination of SiC and silica. 
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Figure 125: The TEM micrograph of sample 9 depicts a porous collection of SiC grains.  The 
grains appear to be covered in an amorphous layer which acts to bind the grains to one another.  
This material is assumed to be silica.  The average grain size measured from the micrograph is 
33 nm.  The SAD pattern contains diffraction spots that gather into rings, as typical for a SAD 
pattern containing several grains.  Analysis of the SAD pattern indicates the sample is a 
combination of SiC and silica. 
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Figure 126: The TEM micrograph of sample 10 depicts a dense collection of SiC grains.  There 
are both small grains and large grains.  The average size of the small grains is 68 nm, and the 
average size of the large grains is 200 nm.  The SAD patterncontains diffraction spots that gather 
into rings, as typical for a SAD pattern containing several grains.  Analysis of the SAD pattern 
indicates the sample is a combination of SiC and silica. 
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Figure 127: The TEM micrograph of sample 11 depicts a slightly porous collection of SiC 
grains.  The grains are randomly shaped, but the edges of the grains touch in such a way that 
some degree of sintering is assumed.  The average grain size measured from the micrograph is 
79 nm, though there are some grains with larger diameters.  The SAD pattern contains diffraction 
spots that gather into rings, as typical for a SAD patterns containing several grains.  Analysis of 
the SAD pattern indicates the sample is a combination of SiC and silica. 
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Figure 128: The TEM micrograph of sample 12 depicts a dense collection of small crystallites.  
The average size of these crystallites as measured from the micrograph is 12 nm.  The SAD 
pattern contains diffraction spots that gather into rings, as typical for a SAD pattern containing 
such crystallites.  Analysis of the SAD pattern indicates the crystallites are a combination of SiC, 
silicon, and silica.  The crystallites appear to have some texture to them especially in the lower 
right corner. 
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Figure 129: The TEM micrograph of sample 13 depicts a porous collection of SiC grains.  The 
average size of these grains as measured from the micrograph is 882 nm.  A single crystal was 
chosen for diffraction pattern analysis, which revealed the composition was silica, carbon, and 
SiC. 
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Figure 130: The TEM micrograph of sample 14 depicts a large SiC grain embedded in an 
amorphous matrix mixed with other smaller SiC grains.  The top diffraction pattern is for the 
amorphous region showing the presence of some small SiC grains.  The bottom diffraction 
pattern is for the dark SiC grain, which shows that the SiC grain is oriented near the zone axis.  
The size of the SiC grain is 816 nm. 
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Figure 131: The TEM micrograph of sample 16 depicts a dense collection of small crystallites.  
Between each crystallite is a region of amorphous matrix.  The average size of the crystallites as 
measured from the micrograph is 7 nm.  The SAD pattern contains diffraction spots that gather 
into rings, as typical for a SAD pattern containing such crystallites.  Analysis of the SAD pattern 
indicates the micrograph consists of a combination of SiC, silicon, carbon, and silica. 
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Figure 132: The TEM micrograph of sample 18 depicts a structure of SiC grains sintered into a 
porous body.  The micrograph is a bright field image, thus giving contrast to grains with different 
orientations.  The inset is a SAD pattern of a single SiC grain oriented along a zone axis.  The 
average grain size as measured from the micrograph is 1.4 µm and thus, the grains were too large 
to obtain diffraction rings over a large polycrystalline region. 
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Figure 133: The TEM micrograph of sample 22 depicts SiC grains near the edge of the ion 
milled hole.  There are regions of SiC grains as well as amorphous regions.  The inset is a SAD 
pattern covering several of the SiC grains, thus producing a ring pattern.  The average grain size 
as measured from the micrograph is 59 nm.  Analysis of the SAD pattern indicates the 
composition is SiC and silica. 
4.9 Flexural Testing 
ARL 
The typical stress vs strain curve obtained for 3-point flexural tests of the samples is 
displayed in Figure 134.  The flexural strengths of the specimens are provided in Table 24.  The 
reported values are an average of two flexural tests per specimen.  Samples 1, 4, and 7 were not 
tested because test specimens could not be made with the broken samples.  Sample 2 results are 
not reliable because the bend bars were not long enough for accurate tests.  All other samples 
broke in brittle failure with very little strain.   
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Figure 134: Typical stress vs strain curve of bend bars indicating brittle fracture 
Table 24: Flexural strengths of the ARL specimens. 
Specimen Flexural Strength (MPa) 
1 - 
2 - 
3 271 
4 - 
5 249 
6 317 
7 - 
QCML 
Bend bar test results are listed in Table 25.  Sample strength was determined from the 
bend test results at the point where the flexure stress versus time curve began to increase (curve 
upwards).  There was an initial increase in flexure strength which was assumed to be slack in the 
testing setup.  Figure 135 gives a representative curve for all the samples.  Sample 2 was not 
tested because the bend bars failed to meet ASTM standards.  Bend bars could not be made from 
samples 6 and 7 because the sample disks were not of adequate shape or size to make the correct 
size bend bars.  Samples 19-21 were too fragile to fabricate bend bars.   
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Figure 135: Flexure stress vs time for a typical QCML bend bar test. 
Table 25: Flexural strengths of the QCML specimens. 
Specimen Strength (MPa) 
1 40 
2 - 
3 52 
4 56 
5 49 
6 - 
7 - 
8 110 
9 88 
10 106.5 
11 75.5 
12 57.5 
13 12.5 
14 28.5 
15 0 
16 145 
17 78.5 
18 152.5 
19 - 
20 - 
21 - 
22 37.5 
 
Strength results obtained from the bend tests are displayed graphically in Figure 136.  
The graph compares all samples made at QCML except samples 2, 7, 19, 20, and 21.  Each data 
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point is an average of two bend tests results.  Bend bars for these tests were prepared and the 
tests were completed according to ASTM standard c1161 [1].   
 
Figure 136: Graphical comparison of the QCML sample strengths obtained from bend tests. 
4.10 Microindentation 
ARL 
The hardness and fracture toughness of the ARL samples are listed in Table 26.  An SEM 
micrograph of a representative microindentation is depicted in Figure 137.  The SEM shadow 
mode improved the visualization of the indents and aided in the measurement of both the indents 
and the radial cracks.   
Table 26: Hardness and fracture toughness of the ARL samples. 
Sample Hardness (kg/mm
2
) Fracture Toughness (MPa∙m1/2) 
1 3035 1.11 
2 1489 2.90 
3 2399 0.98 
4 1621 0.48 
5 2158 1.00 
6 1961 1.00 
7 2846 0.46 
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Figure 137: SEM micrograph (Shadow Mode) of SiC-CNT composite showing inverted pyramid 
indentation and radial cracks.   
QCML 
Microindentation of the QCML samples was conducted in the same manner as that for 
the ARL samples.  The calculated hardness values and fracture toughness values are listed in 
Table 27.  Samples 19-21 were not able to be indented because of large grain sizes.  Sample 15 
was indented, but did not produce any radial cracks even when indented with a maximum of 10 
kgf load.  Fracture toughness values for this sample were unable to be calculated because of the 
absence of the radial cracks necessary for the calculation of fracture toughness.   
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Table 27: Hardness and fracture toughness of the QCML samples. 
Sample Hardness (kg/mm
2
) Fracture Toughness (MPa m
1/2
 ) 
1 245 0.47 
2 124 0.43 
3 94 0.33 
4 257 0.72 
5 195 0.42 
6 233 0.52 
7 170 0.57 
8 300 0.45 
9 228 0.53 
10 366 0.62 
11 235 0.52 
12 175 0.45 
13 175 0.52 
14 485 0.79 
15 130 - 
16 298 0.4 
17 136 0.54 
18 455 0.73 
19 - - 
20 - - 
21 - - 
22 166 0.45 
4.11 Comparison of Density and Hardness 
ARL 
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Figure 138: Graph of apparent density and hardness for the ARL samples showing correlation 
between the microstructure and mechanical property.   
QCML 
 
Figure 139: Graph of apparent density and hardness for the QCML samples showing correlation 
between microstructure and mechanical property.   
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4.12 Comparison of Density and Strength 
ARL 
 
Figure 140: Graph of apparent density and strength for the ARL samples showing correlation 
between microstructure and mechanical property.   
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QCML 
 
Figure 141: Graph of apparent density and strength for the QCML samples showing correlation 
between microstructure and mechanical property.   
4.13 Influence of Sintering Parameters on Strength 
ARL 
 No results. 
QCML 
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Figure 142: This graph compares samples 3, 4, and 5.  The maximum sample strength was 
measured for sample 4 sintered at 1700°C when all other variables were the same.  The pressures 
were 50 MPa, the dwell durations were 0 minutes, and SiC powder diameters were 45-55 nm.
 
Figure 143: This graph compares samples 3, 4, and 8.  The maximum sample strength was 
obtained for sample 8 with a dwell time of four minutes, when all other variables were the same.  
The pressures were 50 MPa, the powder diameters were 45-55 nm, and the temperatures were 
1700°C. 
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Figure 144: This graph compares samples 5, 9, and 10.  The maximum strength was measured 
for sample 10 with SPS pressure of 70 MPa when all other variables were the same.  The 
temperatures were 1700°C, the powder diameters were 45-55 nm, and the dwell times were 0 
minutes. 
 
Figure 145: This graph compares samples 12, 13, and 14.  The maximum strength was obtained 
for sample 12 with SiC powder diameter of 10 nm, when all other parameters were the same.  
The temperatures were 1700°C, the pressures were 50 MPa, and the dwell times were 0 minutes.   
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4.14 Influence of Sintering Parameters on Hardness 
ARL 
 No results. 
QCML 
 
Figure 146: This graph compares samples 3, 4, and 5.  The maximum sample hardness was 
measured for sample 4 processed at a temperature of 1700°C when all other variables were the 
same.  The pressures were 50 MPa, the dwell durations were 0 minutes, and SiC powder 
diameters were 45-55 nm.   
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Figure 147: This graph compares samples 3, 4, and 8.  The maximum hardness was measured for 
sample 8 processed with a SPS dwell time of four minutes, when all other variables were the 
same.  The pressures were 50 MPa, the powder diameters were 45-55 nm, and the temperatures 
were 1700°C.   
 
Figure 148: This graph compares samples 5, 9, and 10.  The maximum hardness was measured 
for sample 10 processed with a SPS pressure of 70 MPa when all other variables were the same.  
The temperatures were 1700°C, the powder diameters were 45-55 nm, and the dwell times were 
0 minutes.   
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Figure 149: This graph compares samples 12, 13, and 14.  The maximum hardness was measured 
for sample 14 with SiC powder diameter of 15 nm, when all other parameters were the same.  
The temperatures were 1700°C, the pressures were 50 MPa, and the dwell times were 0 minutes. 
4.15 Influence of Sintering Parameters on Density 
ARL 
 No results. 
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QCML 
 
Figure 150: This graph compares samples 1, 3, and 4.  The maximum density was measured for 
sample 3 processed at a temperature of 1600°C when all other variables were the same.  The 
pressures were 50 MPa, the dwell durations were 0 minutes, and SiC powder diameters were 45-
55 nm. 
 
Figure 151: This graph compares samples 3, 4 and 8.  The maximum density was measured for 
sample 3 processed with a SPS dwell time of 0 minutes, when all other variables were the same.  
The pressures were 50 MPa, the powder diameters were 45-55 nm, and the temperatures were 
1700°C. 
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Figure 152: This graph compares samples 5, 9, and 10.  The maximum density was measured for 
sample 10 processed with a SPS pressure of 70 MPa when all other variables were the same.  
The temperatures were 1700°C, the powder diameters were 45-55 nm, and the dwell times were 
0 minutes. 
 
Figure 153: This graph compares samples 12, 13, and 14.  The maximum density was measured 
for sample 13 processed with a SiC powder diameter of 60 nm, when all other parameters were 
the same.  The temperatures were 1700°C, the pressures were 50 MPa, and the dwell times were 
0 minutes. 
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CHAPTER 5 
 
DISCUSSION 
5.1 Introduction 
 This research aimed to produce a dense ceramic composite consisting of a silicon carbide 
(SiC) matrix and multi-walled carbon nanotube (MWCNT) reinforcement.  These components 
were mixed, densified by spark plasma sintering, and characterized by several techniques.  This 
chapter provides a discussion of the results presented in the previous chapter.  
 During the course of this research, knowledge has been gained about the use of carbon 
nanotubes as a SiC reinforcement material.  In addition, knowledge of spark plasma sintering 
SPS as a ceramic composite sintering method has been gained.  Lastly, the dispersion of 
MWCNTs within the matrix, their presence after sintering, and their influence on the properties 
of the new composite material were discovered.   
5.2 Starting Materials 
Multi-Walled Carbon Nanotubes 
 The x-ray spectrum of the as-received MWCNT powder displays characteristic x-ray 
reflections for graphite, thus confirming the presence of MWCNTs.  The SEM micrograph of the 
MWCNTs displays dense agglomerates of MWCNTs, showing their as-received condition.  The 
observed MWCNT diameter was much larger than a single-walled carbon nanotube (SWCNT) 
diameter.  A benefit of the larger diameter MWCNT over a SWCNT was that the former were 
more easily identified within a matrix and could withstand more rigorous mechanical mixing 
during powder processing.  The TEM micrograph for the MWCNT powder confirmed they were 
MWCNTs, since multiple walls were observed.   
Silicon Carbide 
 The x-ray spectrum of the SiC powder exhibited the characteristic x-ray reflections for 
the SiC structure.  Analysis of the spectrum confirmed that the matrix was β phase SiC and the 
average particle size was about 18 nm.  The SEM micrograph of the SiC powder depicted 
agglomerates of SiC, each of which were 50–60 nm in diameter.  The TEM micrograph of the 
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SiC powder indicated SiC particles of about 20–40 nm in diameter.  There was evidence of 
surface oxidation, which was assumed to be Si02.  The result of the dynamic light scattering 
analysis indicated a particle size of 11 nm.   
 The range in measured particle size among these four methods was 11 nm to 60 nm.  It 
was expected that the DLS result gave the smallest value since the measurement was conducted 
in a liquid medium, thereby reducing the likelihood of particle agglomeration.  The other three 
particle size analysis methods were measured with a dry powder which increased the likelihood 
of particle agglomeration, and led to larger particle measurements.   
Sintering Additive 
 The SEM micrographs were taken of the sintering additive after calcination at 800°C for 
one hour.  The powder was crushed with a mortar and pestle to produce a fine powder.  The 
SEM micrograph indicated the particles were less than 100 μm in diameter.  The EDS analysis of 
the calcined additive indicated the weight percents of the component elements.  The theoretical 
elemental weight percents are provided for comparison.  After the calcination, the carbon from 
the PVA entrapment method all burnt out.  There was a small difference between the EDS 
measured weight percents and the theoretical weight percents of elements.  The difference was 
assumed to be a result of precursor measurement error or EDS calibration error.   
 The x-ray spectrum of the additive found peaks between 10-60 degrees.  There was one 
broad peak between 40 and 60 degrees, and two sharper peaks near 16 and 32 degrees.  The 
overall indication was that the powder was amorphous.  Upon further heating to 1100°C, the x-
ray spectrum indicated that the powder crystalized into discrete compounds.  The compounds 
determined from powder diffraction file matching were yttrium silicon oxide silicate and garnet 
(Y3Al5O12).  The sintering aid did not contain the theoretical intermediate compound percents 
after calcination.  This was assumed to be due to the amount of PVA, which did not allow 
enough steric entrapment for the correct compounds to form.   
 The digital scanning calorimetry (DSC) scan indicated that the powder lost most of its 
organic matter before reaching 600°C, with the majority occurring before 400°C.  Near 900°C, 
crystallization began to occur, and again at 1000°C.   
 The high resolution SEM micrograph revealed the microstructure of the additive after 
calcination to 1100°C for one hour.  The image was obtained after grinding with a mortar and 
pestle.  The surface contains many pores.  At this temperature, the additive was assumed to 
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crystallize into a binary or ternary compound.  The sintering additive was not intended to 
crystallize in order to take advantage of the low melting temperature of the amorphous mixture.  
The particle size was large.  When mixed with the SiC and ball milled for 24 hours, it was 
assumed that the particle size was reduced.   
 The elemental mapping of the sintering additive after heating to 1100°C for one hour 
depicted the presence of aluminum, silicon, and oxygen.  However, even though the EDS 
spectrum confirmed the presence of yttrium, there was no evidence of yttrium in the chemical 
mapping.  This is assumed to be because the yttrium was either not present in the mapping 
location, the yttrium concentration was not high enough to be detected, or the SEM electron 
energy was not sufficient enough to cause yttrium x-rays to be generated to in a detectable 
amount.   
 The ternary phase diagram indicates the binary compounds likely to form out of the 
combination of the constituents.  There are no stable ternary compounds evident in the diagram, 
so our combination of precursors were most likely to form several binary compounds or a ternary 
melt at sufficiently high temperatures.  In order to limit the formation of binary compounds, 
PVA steric entrapment method was chosen as a method to entrap the cationic elements during 
synthesis.  However, the XRD analysis indicated the formation of the binary compounds had 
occurred.  
5.3 Powder Processing 
Samples Prepared at the Army Research Laboratory (ARL) 
 The seven ARL samples were mixed and processed according to the descriptions 
provided in Chapter 3.  Powder samples that were ball milled were generally easier to work with 
than those that were not ball milled.  Ball milling induced agglomeration of the particles and thus 
the ball milled powders were smaller in volume (less fluffy) than the as-received.  However, 
there was little difference between handling of the final wet milled and dry milled powders after 
the wet milled powders had been dried and sieved.   
 The SEM micrographs of the seven samples examined the powder mixtures prior to 
sintering.  Sample 1 was a SEM micrograph of pure SiC that has not been ball milled, while 
sample 2 was a SEM micrograph of pure SiC that had been ball milled.  Samples 3-6 were SEM 
micrographs of the various mixes of SiC and MWCNTs after ball milling,q either wet or dry.   
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The SEM micrographs imaged the mixed MWCNT and SiC powders.  There was 
evidence of homogeneous mixing.  There were single de-agglomerated MWCNTs surrounded by 
small agglomerates of SiC.  The degree of MWCNT dispersion was surprising given the method 
and duration of the mixing.  There was no evidence of MWCNT damage from the ball milling 
method.   
Samples Prepared at the Quad Cities Manufacturing Laboratory (QCML) 
 The 22 QCML samples were also mixed according to the specifications in the Chapter 3.  
All 22 powders were ball milled dry, because the dry milled samples that were sintered at ARL 
generally resulted in higher densities than those not ball milled.  All but one of the QCML 
powders contained only SiC powder (no MWCNTs), but each of them were ball milled in order 
to make sure each sample received the same processing.   
 The x-ray spectrum of the powder contained characteristic reflections from both 
MWCNTs and SiC.  The x-ray spectrum of sample 17 indicated that the MWCNT reflection was 
not as strong as the SiC reflection, but that was to be expected because the mixture contained 
significantly less MWCNT content than SiC.  The presence of the MWCNT signal in the pre-
sintered powder gave evidence that the MWCNTs remained intact after the ball milling step and 
prior to the sintering step. 
 The TEM micrograph of the mixed MWCNTs and SiC also confirmed that the 
constituents were mixed well.  The MWCNTs were not clumped in large bundles, as they were 
when received.  The micrograph pictures one instance of two MWCNTs aligned next to each 
other, but larger quantities of aligned MCWNTs were not found.  The SiC particles formed 
agglomerates, but these agglomerates were generally separated and sometimes by bridging 
MWCNTs.  The homogeneity of the mixed powder suggested that the SPS processing would 
evenly sinter the sample.   
5.4 Composite Synthesis 
ARL 
 Digital photographs were taken of all samples.  Samples 1, 2, and 7 stuck to the punch, 
resulting in sample surfaces that were not flat, or in some cases complete sample fracture.  All 
samples measured about 3 mm thick.  The dwell time at maximum temperature for samples 1 
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and 2 was five minutes.  Because of the sticking of these two samples, the dwell time was 
reduced to zero minutes for the remaining samples.   
 The electrical current ramp and dwell at maximum temperature for samples 1 and 2 were 
controlled by visually observing an amp meter and temperature readout, while manually 
adjusting the electrical current.  This manual approach was rather crude, and led to non-uniform 
heating rates and unstable maximum temperature dwell periods and slight variation from sample 
to sample.  
QCML 
 All QCML samples were photographed to capture the sample geometry and surface 
conditions.  Very few of the samples stuck to the graphite punches.  For each sample, one or two 
layers of grafoil were placed between the punch and powder.  The purpose of the grafoil was to 
prevent sticking and aid the release of the samples from the dies.  The grafoil had to be removed 
from the sample by cleaning with a wire brush.  The cleaning procedure may have additionally 
removed some of the sample material, but allowed more accurate density measurements by 
removing the grafoil. 
 Many of these samples were well formed, with no surface defects or imperfections.  Only 
three of the samples, 19-21, were very fragile and fell apart during the wire brush cleaning.  
These samples contained coarse SiC powder, unlike all the others.   
5.5 Density of Composites 
 Density measurements of the samples were obtained by three methods.  The results for 
the three methods have been reproduced in Table 28 and 2 for side-by-side for comparison.  The 
apparent density measurement resulted in the lowest densities for all samples.  These low values 
were attributed to the measurement accounting for all open and closed porosity in the sample.  
The remaining two methods only account for closed porosity.  These two methods yielded 
similar results.  The Archimedes’ density measurements were slightly lower than that of the 
pycnometry method.  The difference was because the helium gas in the pycnometry method was 
able to penetrate deeper into the open pores resulting in a more accurate volume calculation.  The 
results from each of these methods, allowed the amount of closed pores in the samples to be 
estimated.  The difference between the apparent density and the theoretical density was 
calculated to give the closed pore volume. 
158 
 
The actual density value was not as useful as the percent theoretical density (% TD) when 
comparing samples.  For the following discussions, the % TD will help to compare sample 
densities. 
Apparent Density: ARL 
 The apparent density was generally higher for samples containing MWCNTs compared 
to those containing SiC only.  The exception was for the sample with the sintering additive, but a 
higher density was expected because of the corresponding higher theoretical density.   
 The apparent density was higher for the as-received MWCNT samples compared to the 
functionalized MWCNT samples.  The functionalization may have allowed a greater degree of 
dispersion of the MWCNTs.  However, the excessive MWCNT dispersion may have inhibited 
sintering, thus limiting the densification experienced.   
 The apparent density was slightly higher for samples with powders prepared by dry 
milling compared to those wet milled.  This was counterintuitive, because wet mixing usually 
yielded higher packing densities than dried powders.  However, the wet milling may have caused 
the surface of the SiC or the MWCNTs to become degraded, and thus limiting the powder 
packing density.   
 The apparent density for sample 7 was measured from a small fragment of the broken 
disk.  The overall sample mass and sample dimensions were therefore smaller, so the error in 
density measurement was thus larger.   
 The highest density recorded was 85.7% TD (sample 7).  That sample was prepared by 
dry milling the SiC with the sintering additive.  The lowest recorded density was 68.8% TD 
(sample 2).  That sample was prepared by wet milling SiC powder only. 
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Table 28: Density measurements for ARL samples. 
Sample 
Theoretical 
Density 
Bulk Density 
(g/cm
3
) 
% TD 
Archimedes’ 
Density 
(g/cm
3
) 
% TD 
Pycnometry 
Density 
(g/cm
3
) 
% TD 
1 3.21 2.55 79.4 2.93 91.4 3.06 95.2 
2 3.21 2.21 68.8 2.79 86.8 3.12 97.3 
3 3.12 2.75 88.0 2.91 93.3 2.96 94.7 
4 3.12 2.71 86.7 2.75 87.9 2.88 92.1 
5 3.12 2.58 82.6 2.61 83.6 3.06 98.1 
6 3.12 2.54 81.3 2.58 82.7 3.09 98.9 
7 3.51 3.00 85.7 3.21 91.5 3.25 92.8 
Apparent Density: QCML 
The reason all QCML powders were prepared by dry milling was because among the 
ARL samples, those that were dry milled resulted in the highest sample densities.  The highest 
apparent density of the QCML samples was 70.9% TD (sample 18).  This sample was prepared 
with 45-55 nm SiC, a sintering temperature of 1700°C, a dwell time of 1 minute, and a pressure 
of 50 MPa.  Sample 5 was processed with similar parameters but resulted in a significantly lower 
density of 57.2% TD.  The only change was in the cooling program.  An increase in density to 
63.6% TD (sample 4) was obtained when the dwell time was reduced to zero minutes, keeping 
all other parameters the same.  A density of 66.2% TD (sample 8) was obtained when the dwell 
time was increased to four minutes.  A density of 64.8% TD (sample 9) was obtained when the 
pressure was increased to 60 MPa.  A density of 66.1% TD (sample 10) was obtained when the 
pressure was increased to 70 MPa.  A density of 69.3% TD (sample 11) was obtained when the 
sample was allowed to cool to 1000°C before the load was removed, instead of the load being 
removed at the same time the cooling started.   
 The lowest density measured of the QCML samples was 52.8% TD (sample 7).  The 
sintering parameters for this sample were 1700°C, three minute dwell, and 50 MPa pressure.  
These parameters were not very different from sample 18, which yielded the highest density.  
Only the dwell duration was increased.  Comparing grain sizes between these samples, we find 
that sample 7 had a grain size of 76 nm and sample 18 had a grain size of 1472 nm.  Such a large 
difference in grain size was confusing especially since sample 7 endured a longer dwell time (3 
minutes) compared to sample 18 (1 minute).  Thus, the dwell time could not be a reason for the 
large grain growth.  It was curious why the sample with such large grains resulted in such a high 
density.   
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 The apparent density of sample 17 with MWCNTs was 63.1% TD.  Samples 19-21 were 
not measured for apparent density because the samples were poorly sintered and were not dense 
enough for physical measurements.     
Table 29: Density measurements for QCML samples. 
Sample 
Bulk Density 
(g/cm
3
) 
% TD 
Archimedes’ 
Density (g/cm
3
) 
% TD 
Pycnometry 
Density (g/cm
3
) 
% TD 
1 2.06 64.3 3.10 96.6 3.15 98.2 
2 1.80 56.1 3.07 95.6 3.10 96.6 
3 2.20 68.5 3.06 95.3 3.12 97.3 
4 2.04 63.6 3.10 96.6 3.13 97.4 
5 1.84 57.2 3.10 96.6 3.12 97.3 
6 1.77 55.0 3.07 95.6 3.13 97.6 
7 1.69 52.8 3.08 96.0 3.18 99.1 
8 2.13 66.2 3.12 97.0 3.12 97.3 
9 2.08 64.8 3.09 96.3 3.09 96.2 
10 2.12 66.1 3.09 96.3 3.11 96.7 
11 2.23 69.3 3.09 96.3 3.06 95.2 
12 1.91 59.5 2.79 86.9 2.91 90.6 
13 2.03 63.2 3.17 98.8 3.16 98.5 
14 2.02 63.1 2.15 67.0 2.13 66.5 
15 2.06 64.2 3.18 99.0 3.17 98.7 
16 2.10 65.5 3.12 97.2 3.14 97.9 
17 1.97 63.1 3.11 99.7 3.08 98.7 
18 2.28 70.9 3.16 98.4 3.16 98.4 
19 - - 3.09 96.3 3.18 99.1 
20 - - 2.87 89.4 3.20 99.7 
21 - - 3.16 98.4 3.16 98.4 
22 2.01 62.6 3.09 96.3 3.12 97.3 
Archimedes’ Method: ARL 
 The Archimedes’ method generally resulted in higher densities than that measured by 
geometry and mass (apparent density).  Sample 2, pure SiC, had a % TD of 86.8.  Samples 3 and 
4 yielded % TDs of 93.3 and 87.9, respectively.  The increase in % TD for sample 3 compared to 
sample 2 was a result of the added MWCNTs, making the theoretical density initially lower.  The 
decrease between sample 3 and 4 was attributed to the ball milling in ethanol.  Samples 5 and 6 
yielded a lower density than did all the others, most likely due to the presence of extra silica 
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from the functionalization.  There was a decrease in density between 5 and 6, due to the 
processing in ethanol. 
Archimedes’ Method: QCML 
Archimedes’ density measurements for all 23 QCML samples are shown in Table 11.  The 
lowest TD was 67.0 % TD (sample 14).  The highest TD was 99.7% TD (sample 17).  Sample 14 
was made with 15 nm SiC powder ball milled dry.  Sample 17 was made with 45-55 nm SiC 
powder.  The large difference in density between these two samples was a result of the SiC 
powder diameter.  The smaller SiC powder (15 nm powder in sample 14) was assumed to sinter 
to a higher density because of the greater driving force from the surface energy reduction.  It was 
interesting to see that this powder resulted in the lowest density.  A possible reason for this could 
be the surface oxide layer, silica.  A smaller SiC would likely have a larger ratio of surface oxide 
thickness to SiC diameter.  In addition, the % TD for sample 17 was inflated because of the 
lower theoretical density as a result of the presence of MWCNTs, but in fact the MWCNTs were 
no longer present after sintering, allowing the SiC to densify in the same fashion as the other 
samples.   
Gas Pycnometry Method: ARL 
 The density of all 7 samples was also measured by gas pycnometry.  All samples 
measured densities higher than 90% TD by this method.  The lowest density was 92.1% TD 
(sample 4) and the highest was 98.9% TD (sample 6).  The results were compared by % TD, 
because the theoretical density varied from sample to sample.  The presence of the MWCNTs as 
well as the sintering additive influences the theoretical density.  The trends in the gas 
pycnometry method did not match the trends found by the other density methods.  The ball 
milled SiC sample (sample 2) displayed a higher density than did the as-received SiC sample 
(sample 1).  The as-received MWCNT samples (samples 3 and 4) displayed a lower density than 
did the functionalized MWCNTs samples (samples 5 and 6).   
Gas Pycnometry Method: QCML 
 In general, the density results from the gas pycnometry method were the highest among 
the three density methods.  The reason for the difference was because this method allowed for 
greater infiltration of the pores by the small helium gas molecules.  The highest density obtained 
was 99.7% TD (sample 20).  However, this sample was made with a powder of very large grain 
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size.  In fact, the sample did not sinter well, causing there to be nearly no closed porosity.  Thus, 
the measured density was not significant, because the value appeared to be a measurement of the 
powder (i.e. 100% TD).  Among the samples made with fine powder (<100 nm), the highest 
measured density was 99.1% TD (sample 19).  The sintering parameters for this sample were 
1700°C, three minute dwell time, and 50 MPa pressure.  The density for sample 17 was 98.7% 
TD, which contained MWCNTs.   
5.6 X-Ray Diffraction 
 The grain sizes measured from the x-ray spectra were obtained by a size analysis 
provided in the x-ray software.  The analysis considered the peak profiles, taking into account 
three peaks available in the spectrum.  The peak profile fitting method was only valid for pure 
phases, which worked well for the SiC samples. 
ARL 
 The x-ray spectra of the sintered samples indicated the final compositions of the samples 
by the presence or absence of certain crystalline peaks.  In sample 1, reflections characteristic of 
SiC and trace graphite were observed.  In sample 2, reflections indicated the presence of SiC, 
trace graphite and even MWCNTs, even though the sample did not contain any MWCNTs.  
Spectra from samples 3 – 6 contained reflections of SiC and MWCNTs.  These peaks confirmed 
the presence and survival of MWCNTs after the sintering step.  Sample 7 only contained 
reflections of SiC.   
 The grain size determined by the peak broadening analysis yielded a range of grain sizes 
between 94 nm and 477 nm.  The smallest grains were found in sample 7 which contained the 
sintering additive.  The largest grains (477 nm) were found in sample 2 which was dry ball 
milled, as-received SiC only.  Samples containing MWCNTs (sample 3-6) all resulted in similar 
grain size measurements, even though some were as-received MWCNTs, and others were silica 
functionalized.   
QCML 
 The x-ray spectra for the QCML samples all displayed the expected SiC reflections.  The 
x-ray spectrum of sample 17 did not show evidence of MWCNTs, even though the powder 
contained 5 wt% of MWCNTs.  The processing and sintering for sample 17 was similar to the 
processing and sintering of the samples containing as-received MWCNTs formed at the ARL.  
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The absence of the MWCNT peak indicated that the MWCNTs did not survive the sintering step.  
Possible explanations for the loss of the MWCNT signal include that the MWCNTs degraded so 
much that they did not give a strong x-ray reflection, or the MWCNTs were not located on the 
surface of the sample where the x-rays targeted.   
5.7 Scanning Electron Microscopy 
 As indicated by the fact that none of the samples reached 100% TD, all samples exhibited 
porous microstructures.  The samples were cut and polished in order to image and measure the 
grains and pores on the interior.  The location of MWCNT agglomerates were also identified by 
SEM observation.   
ARL 
 The SEM micrographs of the TEM specimen surfaces provided a clearer representation 
of the pore size and pore distribution.  Samples 1 and 2 were taken at 1000X magnification.  The 
pores ranged between 1-5 μm in diameter.  The pore distribution was not entirely homogeneous, 
and there were only a few large sized pores.  In samples 3-6 the pore size was usually 1 μm and 
smaller.  These pores were more homogeneous, yet the shape was much more irregular.  
Individual grains could not be distinguished on the polished TEM surfaces of samples 1-6.  
Sample 7 indicated two distinct phases.  The dark region was the SiC phase and the light region 
was the sintering aid.  There were few pores evident in sample 7 indicating the sintering additive 
surrounded the grains and influenced the porosity.   
The SEM images of the cut and polished surfaces indicated the presence of pores of 
various sizes.  The pores appeared to be closed off.  Grains were not observed in samples 3, 4, 5, 
or 6.  The smallest grain size measured was 958 nm (sample 7).  The largest grain size measured 
was 4,656 nm (sample 2).  The micrograph of sample 7 indicated pores, which were not present 
on the TEM specimen surface micrograph.  This result shows that the microstructure may not 
have been homogeneous throughout the sample.  These grain size measurements made by the 
line-intercept method were much larger than those obtained by XRD analysis.  The average grain 
size calculated from the line-intercept method was 670 nm.   
QCML 
 SEM micrographs taken of the TEM specimen surfaces provided measurement of the size 
and distribution of the pores.  Samples 1-11 contained very small pores, about 100 nm in 
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diameter or smaller.  The pores were for the most part homogeneously distributed.  Each of these 
samples were made with the nano-sized SiC.  Sample 12 contained an even smaller SiC powder 
diameter, and the SEM micrograph did not depict any visible pores.  Sample 13 was made of a 
slightly larger SiC powder diameter, and the SEM micrograph confirmed evidence of this.  The 
SiC grains were much larger than the original powder diameters, which indicated the occurrence 
of grain growth.  The corresponding micrograph indicated little evidence of sintering, only a 
small degree of necking.  A micrograph of sample 15 was not provided since there was no TEM 
specimen made.  The sample 16 micrograph indicated homogeneous pore size and distribution.  
The sample 17 micrograph indicated the presence of MWCNTs that were clumped and not well 
dispersed.  The MWCNTs in this sample had not been functionalized and that was the reasoning 
for the poor dispersion.  In addition, they appeared to be joined together in a “sintered” fashion.  
This microstructure explained why the mechanical properties of this sample were not improved 
over the SiC only sample.  The sample 18 micrograph indicated pores of about 1 μm in diameter.  
Micrographs of samples 19-21 were not provided since there were no TEM specimens 
fabricated.  The sample 22 micrograph indicated fairly uniform microstructure with small pores 
but also what appeared to be a bimodal grain size.   
Sample 17 was the only QCML sample containing MWCNTs.  The cut surface of this 
sample revealed large agglomerates of MWCNTs.  The size of these agglomerates was 
approximately 50 µm in diameter.  An EDS map of the cut surface was taken in order to show 
the presence of a MWCNT agglomerate.  The presence of these agglomerates proved that the 
MWCNTs were not distributed in the SiC as single nanotubes, but rather as large agglomerates 
which likely did not contribute to any strengthening or toughening.   
5.8 Transmission Electron Microscopy 
 TEM sample preparation was a time consuming process.  The ion milling step for sample 
disks 30 µm thick took approximately eight hours for an ARL sample and approximately ten hours 
for a QCML sample.  Some samples took longer to mill (up to 18 hours), because the center of the 
dimple was mis-aligned during ion milling, and therefore the center of the dimple (the thinnest 
region) was not ion milled.  Thickness variations in the specimens and errors made while measuring 
dimple diameter may also have caused the variance in milling time. 
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ARL 
 The TEM micrographs in Chapter 4 displayed the microstructure for each ARL sample.  
The microstructure was a direct result of the processing conditions.  As mentioned, these 7 
powders were each prepared differently, while the SPS processing parameters were nearly the 
same.  The duration of the dwell time was the only difference between samples 1 and 2 and all 
the others.  The dwell time for samples 1 and 2 was five minutes.  The grain size of sample 1 is 
much larger than all the others indicating considerable grain growth, which is assumed to be a 
result of the longer dwell time.  TEM analysis of sample 2 did not find any grains, but only 
crystallites.  However, the crystallites could be a result of SiC formation between the graphite 
punches and the silica oxidation on the SiC.  The grain sizes of samples 3-7 range between 465 
nm and 720 nm, indicating much less grain growth than samples 1 and 2, but much larger grains 
than the starting powder.  The grain growth is a result of the processing temperature, dwell time, 
or pressure.   
QCML 
 Each sample from QCML was made into a TEM specimen according to the procedures 
outlined in Chapter 3.  The exceptions were samples 15, 17, 19, 20, and 21.  Among the other 
samples, the gain sizes ranged from 7 nm to 1472 nm.  The smaller grain sizes were measured 
from crystallites that were probably formed from the reaction between the graphite punches and 
the silica surface of the SIC.  The grain size increased steadily from sample 1 to sample 4 which 
corresponded to a change in temperature from 1800ºC to 1600ºC.  Samples 5 – 8 contained 
grains about the same size even though the dwell time increased from 1 to 4 minutes.  Samples 
10 and 11 were processed in the same way from the same SiC powder, and the grain size was 
approximately the same.  Sample 12 was made with a larger SiC grain but resulted in about the 
same final grain size.  Samples 13 and 14 were made with smaller SiC grains, but resulted in 
much larger final grain sizes.  Sample 18 was processed in the same as sample 5 but resulted in a 
much larger final grain size.  Sample 22 contained a final grain size similar to the starting 
diameter.     
5.9 Flexural Testing 
 Bend bars were manually machined for these tests.  Machining the bend bars via manual 
grinding with a bubble level was determined to be the most accurate means of obtaining parallel 
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faces.  However, this manual method also produced bars with dimensional variations slightly outside 
of those allowed by the ASTM standard.   
ARL 
 No bend bars were cut from the broken pieces of sample 1.  Bend bars cut from sample 2 
were not long enough to perform an accurate test.  These bend bars broke at the support instead 
of at the midpoint of the bar, which was considered an unreliable test.  No bend bars were cut 
from sample 7, because the sample was many broken pieces, none of which were large enough 
for a bend bars.  All other samples were made into two bend bars each.  All the bend tests 
resulted in a clean break at the center of the bar.  Sample 4 was not retained after sintering and 
thus was not tested.  Therefore, no comparison was available for its counterpart, sample 3.  
Sample 3 demonstrated higher flexural strength than did sample 5.  This result was consistent 
with the higher density observed for sample 3.  Sample 5 demonstrated a lower flexural strength 
than did sample 6.  This result was not consistent with the higher density of sample 5.  All 
samples recorded a lower flexural strength than is listed in published material property tables [1].  
The lower strengths were expected because our measured densities were lower than the density 
for SiC listed in published material property tables, which is >98% dense.   
QCML 
 The results of the bend tests gave strength indications that shed light on the various 
processing conditions and powder types used to produce the samples.  Samples 1-11 were all 
made with the same SiC powder, but various temperatures, dwell times, and pressures.  
According to Figure 136, sample 4 yielded a local strength maximum indicating a favorable 
temperature of 1700°C for sintering.  Thus, the remaining samples were all sintered at 1700°C.  
Sample 8 was also a local maximum.  After that, the strength decreased through sample 15 as the 
powder compositions and sintering parameters changed.  Samples 12-17 were made with 
different SiC powders.  Sample 18 was made with the same SiC, same temperature, and same 
dwell time as sample 5, but there was a significant increase in strength.   Sample 17 exhibited a 
local minimum, and was likely a result of the added MWCNTs.  Thus, for our processing 
method, the addition of MWCNTs did not produce an increase in strength.  Samples 19-21 were 
not tested for strength.  Sample 22 experienced a slightly different cooling sequence than all the 
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other samples, so a direct comparison was not possible.  The additional cooling to 600°C before 
removing the load did not appear to improve strength.   
5.10 Microindentation 
 A small error in the calculation of the fracture toughness was attributed to substituting the 
published Young’s modulus of standard SiC instead of the Young’s modulus of the actual 
samples when the fracture toughness was calculated by equation 13.  In addition, errors from the 
measurement and calculation of the hardness were transferred to the calculated fracture 
toughness through equation 13.   
ARL 
 The hardness for the 7 ARL samples ranged from 1489 kg/mm
2
 to 3035 kg/mm
2
.  The 
published hardness for commercial SiC is 3265 kg/mm
2
 [1].  The measured values were all lower 
than that of commercial SiC.  This lack of hardness was attributed to the porosity of the samples.   
 The fracture toughness of the 7 ARL samples ranged from 0.46 to 2.90 MPa∙m1/2.  The 
published fracture toughness of SiC is 3.1 MPa∙m1/2 [1].  The sample with the lowest hardness 
resulted in the highest fracture toughness.  The sample with the second highest hardness yielded 
the lowest fracture toughness.  The correlation between hardness and fracture toughness is 
depicted in Figure 154.   
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Figure 154: Correlation between hardness and fracture toughness for ARL samples.   
 The graph indicates that samples made from dry milled powders (samples 3 and 5) 
generally resulted in higher hardness than did those samples made from wet milled powders 
(samples 4 and 6).   
 There was no correlation between hardness and whether or not carbon nanotubes were 
present in the matrix, nor whether the carbon nanotubes were functionalized.  Samples 3-6 each 
contained MWCNTs, but there was no observable trend among the sample hardnesses. 
 The fracture toughness decreased from dry milling (sample 3) to wet milling (sample 4) 
only for the samples with as-received MWCNTs.  The fracture toughness was the same for both 
types of milling (samples 5 and 6) when functionalized MWCNTs were used.   
 The highest fracture toughness (2.90 kg/mm
2
) was obtained from sample 2 which 
contained only SiC.  The fracture toughness became lower for samples containing MWCNTs or 
the sintering additive (a range from 0.46 – 1.11 kg/mm2).  The lowest fracture toughness was 
measured from the sample with the sintering additive (sample 7).   
 The comparison between hardness and fracture toughness indicates that, in general, a 
high hardness correlated to a low toughness, and vice versa.  The reasons for this could be the 
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presence and integrity of the nanotubes.  For samples with poor distribution of CNTs, the density 
was higher than for those with better MWCNT dispersion, which gave rise to a higher hardness.  
For samples with poor dispersion of MWCNTs, the fracture toughness was also not influenced 
by the MWCNTs.  For samples that experienced degradation of the MWCNTs, the density was 
adversely affected.  The fracture toughness was not improved possibly because of the degraded 
MWCNTs.   
 Conversely, for samples which contained well dispersed MWCNTs and the sintering did 
not degrade the MWCNTs, there was significant porosity, leading to low density, and low 
hardness, but the presence of the MWCNTs contributed to high fracture toughness.   
QCML 
 In general, the hardness of all these samples was low, reaching a maximum of 485 
kg/mm
2
 for sample 14.  The lowest hardness was 94 kg/mm
2
 for sample 3.  Only one sample 
(sample 15) did not produce the typical radial cracks that appeared during microindentation.  
This was assumed to be from the low density and large grain size.  For this sample, the fracture 
toughness was not calculated by the radial cracking method.   
 A graph correlating hardness and fracture toughness for all samples is provided in Figure 
155.  Hardness is not reported for samples 19-21 and fracture toughness is not reported for 
samples 15, and 19-21.   
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Figure 155: Correlation between hardness and fracture toughness for QCML samples. 
 The general correlation between hardness and fracture toughness was as follows: 
increases or decreases in hardness were usually accompanied by a similar trend in fracture 
toughness.  This positive correlation between hardness and fracture toughness is typical of 
ceramics.  Exceptions to this correlation include samples 7, 8, 9, and 17.  A special note for 
sample 17, which contained the MWCNTs, is that the hardness decreased, but the toughness 
increased.  However, the previous XRD, SEM, and TEM results indicated the MWCNTs did not 
survive the sintering.   
5.11 Comparison of Density and Hardness 
ARL 
 Figure 138 depicted the correlation between density and hardness for the 7 ARL samples.  
The apparent density was graphed.  The graph indicated that the lowest density sample was the 
same as the lowest hardness (sample 2).  However, the highest density (sample 7) was not also 
the highest hardness (sample 1).  There was a large decrease in hardness between samples 1 and 
2 when the processing changed from no ball milling for sample 1 to ball milling wet.  The 
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addition of the sintering additive increased the theoretical density of sample 7 and thus it was 
expected that its final density would be higher than the others, which it was.  The addition of the 
sintering additive may have also influenced the overall hardness of the sample, or because of the 
high density.  The addition of the MWCNTs to samples 3 – 6 did not produce a large change in 
either density or hardness.   
QCML 
 The correlation between density and hardness for the QCML samples was depicted in 
Figure 139.  Increases in density usually corresponded to an increases in hardness.  This 
correlation is explained because a denser sample is usually more difficult to indent (indentation 
results in a smaller indentation) which translates to a higher hardness.  However, there were 
several instances where a decrease in density correlated to an increase in hardness.  Similarly, in 
several samples, an increase in density caused a decrease in hardness.  While the density 
fluctuations were small, the hardness fluctuations were much larger. 
 The measurements for density and hardness were not very precise.  The plotted density 
was the apparent density and was calculated from dividing sample mass by exterior volume.  
This density measurement was chosen in order to take into account the greatest difference in 
density values variation.  The Archimedes’ and pycnometry methods yielded similar values 
which were both closer to the theoretical density.  The effect of grain size on the apparent density 
was not evident.  The error in the hardness calculation was a function of the measurement of the 
indentation.  This measurement was dependent on the resolution of the SEM and the judgment of 
the user measuring the miocroindentations.  
 Samples 15 and 19 exhibited high hardness.  This is curious since the samples were very 
grainy, and could hardly be handles without fracture.  Thus, these results were considered 
unreliable, and were probably a result of measurement error.  Sample 17 displays a local 
maximum of hardness and is attributed to the addition of the MWCNTs.   
5.12 Comparison of Density and Strength 
ARL 
 There was little strength data to compare with the density because so few samples were 
tested in bending.  Figure 140 indicated that for those tested, the sample with the lowest density 
did not display the lowest strength, nor did the sample with the highest density display the 
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highest strength.  A comparison could only be made between samples 5 and 6.  Both contained 
the functionalized MWCNTs, and both had nearly the same density.  However, the difference in 
processing (sample 5 was ball milled dry and sample 6 ball milled wet) produced a difference in 
strength.  The wet ball milled sample 6 was stronger.   
QCML 
The density and strength for the QCML samples were provided in Figure 141.  The 
apparent density has been graphed.  In our bend strength tests, strength was typically influenced 
by density.  The sample density values had a much smaller variation than the strength values.  
However, in most instances where the density increased, the strength also increased, and vice 
versa.  The highest strength sample 18.  This was also the sample with the highest bulk density.  
Samples with the lowest measured density (samples 2, 6, and 7) did not yield strength data 
because bend bars could not be made from them.  Bend bars could also not be made from 
samples 19, 20, and 21.  The presence of MWCNTs in sample 17 yielded a lower strength than 
sample 18 which contained the same composition and was processed the same.   
5.13 Influence of Sintering Parameters on Strength 
ARL 
 All seven samples were processed with the same sintering parameter.  Thus, the influence 
of sintering parameters on the sample properties could not be studied.  The only exception was 
for the first two samples (1 and 2), the dwell time was five minutes.  After considerable sticking 
and sample damage, the dwell time was reduced to zero minutes.  However, since the sample 
composition and powder processing were not the same for samples 1 and 2, the influence of the 
dwell time could not be discerned. 
QCML 
 For the 22 QCML samples, the powder processing and sample compositions were the 
same, thus studying the influence of the sintering parameters on the resulting sample properties.  
In this section we discuss their influence on sample strength.  The relationship between strength 
and several of the processing parameters were shown visually in Figure 142-145.  The 
comparisons indicated that the best sintering parameters to follows to obtain the highest strength 
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are a sintering temperature of 1700ºC, a dwell time of four minutes, a pressure of 70 MPa, and 
SiC powder with diameter of 10 nm.    
5.14 Influence of Sintering Parameters on Hardness 
ARL 
 The same reasons provided in the previous section apply to the influence of the dwell 
time on the hardness.   
QCML 
 For the QCML samples, we compared the effect of sintering parameters on the sample 
properties because the sample processing and compositions were all held the same.  The 
relationship between hardness and several of the processing parameters were shown visually in 
Figure 146-149.  The results indicated that the best sintering parameters to follow to obtain the 
highest hardness were a sintering temperature of 1700ºC, a dwell duration of four minutes, a 
pressure of 70 MPa, and a SiC powder diameter of 15 nm.   
5.15 Influence of Sintering Parameters on Density 
ARL 
 The same reasons provided in the previous section apply to the influence of the dwell 
time on the density of the ARL samples.   
QCML 
 We can compare the effect of sintering parameters on sample properties because the 
sample processing and compositions were held the same.  The relationship between density and 
several of the processing parameters were shown visually in Figure 150-153.  The results 
indicated that the best sintering parameters to follow to obtain the highest density were a 
sintering temperature of 1600ºC, a dwell duration of 0 minutes, a pressure of 70 MPa, and a SiC 
powder diameter of 60 nm. 
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5.16 Influence of Sintering Parameters on Strength, Hardness, and Density 
ARL 
 The sintering parameters were not changed from sample to sample; therefore, we cannot 
discuss the influence of the sintering parameters on the tested properties.  
QCML 
Table 30: Sintering parameters which yielded the highest strength, hardness, and density. 
 Temperature (°C) Dwell Time (min) Pressure (MPa) Powder Diameter (nm) 
Strength 1700 4 70 10 
Hardness 1700 4 70 15 
Density 1600 0 70 60 
 
 Table 30 shows the sintering parameter which yielded the highest values for the three 
tested properties.  Fracture toughness is not listed because it is calculated directly from the 
hardness.  The temperature that yielded the highest sample strength and hardness was 1700°C, 
while the sample density reached maximum at 1600°C.  The highest sample strength and 
hardness was reached during a dwell time of four minutes, while the sample density was the 
highest during a dwell time of zero minutes.  The highest sample strength, hardness, and density 
were all obtained with a pressure of 70 MPa.  There was no powder diameter that consistently 
yielded the highest strength, hardness, and density.   
5.17 Influence of Powder Processing and Composition on Strength, Hardness, and Density 
 The following section only applies to the seven ARL samples because the powder 
processing and composition were only changed for the ARL samples.  The 22 QCML samples 
nearly all had the same composition and processing.   
Strength 
 Only three ARL samples were successfully tested for strength, so that it was difficult to 
determine what powder processing and composition yielded the highest strength.  Sample 3 
which contained as-received MWCNTs resulted in a higher strength than sample 5 which 
contained the functionalized MWCNTs.  Among the samples which contained functionalized 
MWCNTs, sample 6 displayed a higher strength than did sample 5.  The difference in processing 
was that sample 6 was milled wet and sample 5 was milled dry.   
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Hardness 
 The highest measured hardness was the sample which contained the as-received SiC 
powder.  The lowest hardness was the sample which contained the ball milled SiC.  This large 
change in density could have been caused by microcracking of the SiC during the ball milling 
step.  Between these two extremes were the samples which contained mixtures of SiC and 
MWCNTs.  A slight trend was observed in these samples with regard to the hardness.  The dry 
milled samples both gave higher hardness than the wet milled samples.  The differences between 
the dry and wet milled samples were more pronounced for the as-received MWCNTs than for the 
functionalized MWCNTs.  The hardness of the sample with the sintering additive (sample 7) was 
slightly less than the hardness of the sample with as-received MWCNTs.  Even though this 
sample had the highest density, its hardness was reduced because of the additional phases.   
Density 
 The density of the seven ARL samples fluctuated between 2.21 g/cm
3
 and 3.01 g/cm
3
.  
However, because the compositions and powder processing techniques were different, leading to 
different theoretical densities, the final sample densities were not directly comparable.  When 
density values were compared, the percent theoretical density (% TD) was most useful.  The 
lowest % TD was 68.8% for the sample of ball milled SiC only (sample 2).  The highest % TD 
was 88.0% for the SiC and as-received MWCNTs that were ball milled dry (sample 3).  A trend 
was observed for the samples containing MWCNTs.  Both as-received samples yielded higher 
densities than did the functionalized MWCNT samples.  Also, the wet milled samples yielded 
higher densities than did the dry milled samples.  The % TD of sample 7 with the sintering 
additive was 85.7%.   
5.18 Influence of MWCNTs on Properties of SiC 
 As-received MWCNTs were added to only one of the 22 QCML samples (sample 17), 
and thus the influence of the MWCNTs on this sample was determined by comparing the final 
density, strength, hardness, and fracture toughness of this sample to an identical sample without 
the MWCNTs (sample 18).  The addition of the MWCNTs decreased all three density 
measurements.  This result was consistent with the expected decrease in theoretical density after 
adding the MWCNTs.  The strength decreased with the addition of MWCNTs.  The hardness and 
fracture toughness both decreased.  The sintering parameters for these samples were as follows: 
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sintering temperatures of 1700°C, dwell times of one minute, and pressures of 50 MPa.  As we 
noted earlier, these were not the most ideal sintering parameters, and thus the influence of the 
MWCNTs may be even more substantial if the samples had been processed under optimal 
sintering conditions.   
5.19 References 
[1] R. G. Munro, "Material Properties of a Sintered Alpha-SiC," Journal of Physical and 
Chemical Reference Data, 26 1195-1203 (1997). 
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CHAPTER 6 
 
CONCLUSIONS 
6.1 Overview 
The purpose of this research was to develop a composite of silicon carbide and multi-
walled carbon nanotubes that resulted in a material with superior properties than those of either 
component alone.  The method was to mix the MWCNTs in the SiC so as to form adequate 
bonds between the matrix and reinforcement while maximizing MWCNT dispersion.  In order to 
accomplish this, sufficient processing of the components was necessary to break up agglomerates 
and uniformly mix the powders.  Sintering of these powders was completed using spark plasma 
sintering technology.  After processing and sintering, the microstructure of the final samples was 
investigated.  Several methods, including density measurements, x-ray diffraction, scanning 
electron microscopy, and transmission electron microscopy were conducted.  Finally, the 
properties of the composite were determined through several mechanical tests.  The insight 
gathered from the microstructure characterization explained how the processing conditions gave 
the resulting properties of the composites.  Here we give conclusions drawn from each of these 
three research steps.   
6.2 Processing 
During the processing steps we learned that an important procedure was to place grafoil 
sheets between the sample powder and the graphite punches.  The grafoil prevented sticking of 
the sample to the punch and aided in removing the sample while avoiding sample damage.   
We observed that ball milling of the MWCNTs with the SiC did not cause damage to the 
MWCNTs.  This was an important consideration, because damage would weaken the MWCNTs, 
and inhibit them from reinforcing the SIC.  The ball milling step was conducted in both wet and 
dry conditions, but in neither case were damaged MWCNTs observed.  The ability to freely ball 
mill the powders was beneficial because after ball milling the powders were much easier to work 
with than the as-received powders.  The as-received powders were nano-sized, and they tended 
to become airborne and became a hazard to work with.  The ball milling step caused the powders 
to lose much of their fluffiness, which was attributed to agglomeration of the particles.  The 
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agglomeration of the particles was assumed to contribute to the reduced density of the samples.  
Comparing ARL sample 1 (no ball milling) and ARL sample 2 (ball milled wet), we saw that the 
sample which was processed without ball milling, resulted in the higher density.   
ARL 
The following were concluded based on the processing of the seven samples formed at 
the ARL, and describe the conclusions drawn from the ball milling step. 
1. In general, dry milling of the powders gave higher sample densities. 
2. In general, wet milling of the powders gave higher sample strength.  
3. Dry milling gave higher sample hardness for as received MWCNTs, but not for 
functionalized MWCNTs. 
4. Dry milling gave higher sample toughness for as received MWCNTs, but the sample 
toughness was the same for dry milled and wet milled functionalized MWCNTs. 
5. No ball milling gave a higher density than the wet ball milled SiC only.   
 
The following were concluded based on the processing of the seven samples formed at 
ARL, and describe the conclusions drawn from the addition of the reinforcement MWCNTs. 
1. Samples with as-received MWCNTs yielded higher density than did functionalized 
MWCNTs. 
2. Samples with as-received MWCNTs yielded higher strength than did functionalized 
MWCNTs. 
3. Samples with as-received MWCNTs yielded higher hardness than did functionalized 
MWCNTs when dry milled, but not when wet milled.   
4. Samples with functionalized MWCNTs yielded higher toughness than as-received 
MWCNTs (for wet milled powders, but the same toughness for the dry milled powders) 
5. Ball milling of the components did not cause damage to the MWCNTs 
 
The addition of MWCNTs to the SiC powder gave mixed results.  We concluded that the 
addition of MWCNTs did not improve the mechanical properties of the SiC.  It was important 
that the MWCNTs maintain structural integrity during powder processing and sintering.  This 
can be accomplished through careful ball milling, and carefully chosen sintering parameters.  
Also, the dispersion and matrix bonding were difficult to determine in the ceramic matrix, but 
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these are important factors to consider when fabricating a composite with MWCNTs as 
reinforcement.   
There was only one powder prepared with the sintering aid, and that sample yielded both 
a higher hardness and lower toughness than all of the other samples.  Its theoretical density was 
different from all the other samples, but its final percent density was similar to that of the 
samples which did not contain the additive.  Thus, we concluded the presence of the additive did 
not enhance the sintering nor density of the SiC.  
QCML 
The following were concluded based on the processing of the 22 samples formed at the 
QCML, and describe the conclusions drawn from the processing conditions.   
Dry ball milling processed all the QCML powders for the same duration and under the 
same conditions, and thus allowed direct comparison of the sintering parameters, which varied 
from sample to sample.  Ball milling mixed the all the SiC and MWCNTs mixtures, and allowed 
the MWCNTs to be undamaged, but did not fully break up MWCNT agglomerates in order to 
distribute them as single nanotubes.   
Each of the different SiC diameters gave different mechanical property results.  The 10 
nm SiC powder gave the highest strength, the 15 nm SiC powder gave the highest hardness, and 
the 60 nm SiC powder gave the highest density.   
6.3 Microstructure 
All the samples described in this research exhibited considerable porosity.  The porous 
microstructure was assumed to be a result of incomplete densification.  We concluded that the 
temperature or duration of the SPS step was not sufficient to fully sinter the samples.  An 
alternative explanation could be that the presence of MWCNTs inhibited sintering.   
By measuring the density according to three methods, we concluded that the apparent 
density gave the lowest measurement, while the Archimedes’ and pycnometry methods gave 
similar and higher measurements.   
ARL 
The following were concluded based on the microstructure of the seven samples formed 
at the ARL.   
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1. The highest sample densities were obtained for the dry milled powders and samples with 
pristine MWCNTs.   
2. The x-ray spectra indicated that the MWCNTs survived the sintering step.   
3. The SEM micrographs displayed considerable porosity in all samples, and for some 
samples, the grains were clearly visible. 
4. The TEM micrographs and SAD micrographs displayed evidence of MWCNTs in those 
samples containing MWCNTs.   
5. Grain growth was observed for all samples, especially for the samples which had a longer 
dwell time.   
QCML 
The following were concluded based on the microstructure of the 22 samples formed at 
the QCML.   
1. The highest sample density was obtained for an SPS temperature of 1600°C, zero dwell 
time, 10 MPa pressure, and 60 nm particles. 
2. The x-ray spectra indicated that the MWCNTs did not survive the sintering.   
3. The SEM micrograph depicted considerable porosity but also good homogeneity of the 
microstructure.   
4. The SEM micrograph revealed the MWCNTs were agglomerated within the SiC matrix.  
5. The TEM micrographs and SAD micrographs diplayed evidence of SiC grains and 
crystallites.   
6.4 Properties 
We concluded that the addition of MWCNTs to SiC by the processing conditions and 
sintering methods in this research did not improve the mechanical properties.  The strength was 
not improved for any of the samples.  The hardness was not improved for any of the samples.  
The fracture toughness was only improved for one of the samples.  In other words, none of the 
processing or sintering parameters yielded samples with higher strength, hardness, or fracture 
toughness than published values. 
As assumed, we found that hardness and density were related.  Thus, we concluded that 
the typical microstructure traits responsible for this correlation were present in composites 
formed by SPS.   
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ARL 
The following were concluded from the results of the mechanical tests performed on the 
samples made at ARL. 
1. The highest strength was measured for samples containing the wet milled, silica 
functionalized MWCNTs. 
2. The highest hardness was measured for samples containing the as-received SiC without 
ball milling or MWCNTs. 
3. The highest fracture toughness was measured for samples containing the as-received, wet 
ball milled SiC without MWCNTs.   
QCML 
The following were concluded from the results of the mechanical tests performed on the 
samples made at QCML. 
1. The highest sample strength was measured for an SPS temperature of 1700°C, dwell time 
of 1 minute, pressure of 50 MPa, and 45-55 nm SiC diameter.  
2. The highest sample hardness was measured for an SPS temperature of 1700°C, dwell 
time of 1 minute, pressure of 50 MPa, and 15 nm SiC diameter.  
3. The highest fracture toughness measured was for an SPS temperature of 1700°C, dwell 
time of 1 minute, pressure of 50MPa, and 15 nm SiC diameter.   
4. The highest hardness and highest fracture toughness were measured from the same 
sample.   
5. The addition of MWCNTs did not improve any of the mechanical properties of the SiC.   
6.5 QCML Parametric Study 
 The following were concluded from the parametric study of sintering conditions 
conducted at QCML.  The parameters that influenced the properties were temperature, dwell 
time, pressure, and SiC diameter.   
182 
 
1. Sintering at 1700°C generally gave the highest strength and hardness. 
2. A dwell of 4 minutes generally gave the highest strength and hardness. 
3. A pressure of 70 MPa gave the best strength, hardness, and density. 
4. No single powder diameter always gave the best mechanical properties. 
5. Large SiC powder diameters did not allow adequate sintering to occur resulting in fragile 
samples.   
 
As can be identified, the majority of the samples made for this research were not 
synthesized with these parameters.  This is the reason why many samples did not have very good 
strength, hardness, or density.   
6.6 Future Work 
We concluded that in order to fully understand the sintering of SiC and MWCNT 
composites formed and sintered by SPS, additional experiments must be completed to gain 
further knowledge of the interaction of these materials.  Achieving full density is an important 
step towards reaching the original goal of this research, and must be met first.  Since the 
processing of the powders by ball milling resulted in particle agglomeration and low density, a 
different method for dispersing MWCNTs within the SiC matrix must be investigated.   
6.7 Final Conclusions 
ARL 
We concluded that the addition of MWCNTs to a SiC matrix altered the microstructure 
and material properties of the resulting composite.  The density and flexural strength decreased 
and the porosity increased.  These changes in microstructure and properties were not an 
improvement over pure SiC.  To improve the properties of pure SiC, additional processing steps 
may be needed or the processing steps described here must be modified.  The use of MWCNTs 
as a reinforcement material for SiC may have potential, but reaching that potential will require 
additional experimentation.  It is recommended that the composition of the MWCNT and SiC 
mixture be altered in order to deduce the optimal amount of MWCNT reinforcement to use.  
Bonding between the MWCNTs and the SiC matrix needs to be further studied and optimized.  
The exact location of the MWCNTs within the microstructure were best determined by TEM 
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characterization.  The fracture toughness of the composite should also be confirmed by single-
edged notch beam tests in addition to the radial cracking measurement from the microindentation 
tests. 
Experimenting with different powder compositions and the same sintering parameters for 
each experiment we were able to draw conclusions about the effect of different powder 
compositions on the final sample microstructure and properties.  The highest density was 
achieved when the powder composition was 5 wt% functionalized MWCNTs in SiC powder of 
45-55 nm diameter, and wet ball milled for 24 hours.   
QCML 
We concluded that the spark plasma sintering parameters alter the microstructure and 
material properties of the final composite.  By using the same SiC powder, processed in the same 
manner for each experiment, we were able to draw conclusions about the sintering parameters 
and their effect on the microstructure and properties.  As-received MWCNTs that were ball 
milled to mix with the SiC were not sufficiently dispersed to improve the mechanical properties 
of the composite, and the ball milling caused high porosity.  The highest density was achieved 
for SiC powders with diameters 45-55 nm and ball milled dry for 24 hours, when the spark 
plasma sintering was conducted at 1700°C, a dwell time of four minutes, and under a pressure of 
70 MPa.   
 
